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Vitamin K, an anti-haemorrhagic factor discovered by the Danish nutritional 
biochemist Henrik Carl Peter Dam in 1929, is capable of correcting dietary-induced 
bleeding disorders in chickens. It is essential for blood coagulation, and therefore 
must be supplied in the diet. Menaquinones (MK) together with phylloquinone (PK) 
fall under the common name ‘vitamin K’. Recent studies show that dietary intake 
of menaquinones results in more health benefits than phylloquinone. 
Menaquinone-7 (MK-7) plays an important role in maintaining human health in the 
liver, bone and arterial vessels with potential to prevent osteoporosis and 
cardiovascular diseases as well as cancer. Therefore, MK-7 can be taken as the 
obvious choice for the prevention of these health complications.  
MK-7 is produced industrially by a fermentation process of Bacillus subtilis at low 
concentrations. To date, there have been several attempts to improve MK-7 yield 
via optimising the fermentation media, genetic mutation of Bacillus subtilis and 
reducing downstream processing steps. Despite this progress, industrial production 
of MK-7 has been difficult, mainly due to biofilm formation, low MK-7 production 
by Bacillus subtilis and the presence of so many tedious unit operations in the 
process. As a result, the price of MK-7 is currently US$5 million/kg. It appears 
worthwhile to develop novel strategies to address the current MK-7 production 
challenges. The main goal of the current research was, therefore, to develop a novel 
cost-effective fermentation process by eliminating biofilm formation while 
enhancing MK-7 production and reducing the fermentation process steps.  
In combating biofilm formation in Bacillus subtilis fermentation, a major challenge 
was to adopt strategies which would maintain the viability of the bacterial cells as 
required by the fermentation process. In this regard, as a first step, a 
nanobiotechnological approach was taken in which superparamagnetic iron oxide 
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nanoparticles (Fe3O4) were used to decorate Bacillus subtilis cells. In comparison 
to naked iron oxide nanoparticles, iron oxide nanoparticles coated with 
3-aminopropyltriethoxysilane (IONs@APTES) significantly reduced the adherence 
and pellicle biofilm biomass of Bacillus subtilis in a concentration-dependent 
manner without affecting the growth and viability of Bacillus subtilis. Further, the 
research embodied in this thesis also addresses the low MK-7 production by 
immobilising Bacillus subtilis cells using IONs@APTES. Immobilisation of 
Bacillus subtilis cells with IONs@APTES significantly enhanced the MK-7 
production, implying that binding of IONs@APTES to Bacillus subtilis cells might 
have changed the state or composition of the cell membranes resulting in enhanced 
production and secretion of MK-7 to the fermentation medium. In addition to a 
strategy that minimised bacterial cell attachment and subsequent biofilm formation, 
the effect of a biofilm detachment strategy was also investigated. As nutrient 
conditions in the medium can greatly influence biofilm detachment, nutrient 
components which would interfere with the structural integrity of biofilms and 
bring about biofilm detachment were investigated by supplementing the medium 
with salts and urea. In this study the optimum conditions to minimise biofilm 
formation while maximising MK-7 production was determined by response surface 
optimisation. These investigations finally led to an optimum fermentation medium 
for minimum biofilm formation and maximum MK-7 production which consists of 
5% (w/v) yeast extract, 18.9% (w/v) soy peptone, 5% (w/v) glycerol, 0.05% (w/v) 
K2HPO4, 0.32% (w/v) CaCl2, 0.10% (w/v) urea and 200 µg/mL IONs@APTES. A 
~ 47% reduction in biofilm biomass and ~ 16% increase in MK-7 production was 
observed after 60 hours of fermentation when the medium was supplemented with 
0.32% (w/v) CaCl2, 0.10% (w/v) urea and 200 µg/mL IONs@APTES in comparison 
to the medium without added CaCl2, urea and IONs@APTES. This was found 
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useful as a non-antibiotic antifouling strategy which would permit the growth and 
viability of bacterial cells in the fermentation process while minimising biofilm 
formation and maximising MK-7 production. Using this medium, the feasibility of 
designing a milking process for enhancing MK-7 productivity was assessed. Initial 
studies involved selecting biocompatible organic solvent/s for milking MK-7. 
Milking MK-7 with n-hexane proved to be an effective strategy to enhance the total 
MK-7 production by ~ 1.7-fold in subtilis fermentation without compromising the 
bacterial cell viability in comparison to non-milking conditions. Not only did the 
total MK-7 increase by ~ 1.7-fold, but the maximum total MK-7 production also 
reached earlier i.e. within 72 hours in comparison to previously recorded liquid state 
fermentation studies for MK-7 production, which is important from a commercial 
point of view. In addition, a novel, accurate, reliable and high throughput MK-7 
analysis protocol is also presented in the thesis. Hence, by examining and 
integrating a range of strategies, this thesis provides a feasible approach for 
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1 Chapter 1 
Introduction 
 Motivation 
In the recent past, the high demand for MK-7 has proven the importance of the 
development of novel approaches for MK-7 production. Menaquinones (vitamin 
K2) comprise a class of therapeutic agents that significantly improve the treatment 
options for a variety of diseases in addition to their role in blood clotting. MK-7 
especially is extensively used as a therapeutic tool for the treatment of 
cardiovascular diseases (Gast et al., 2009), osteoporosis (Shiraki et al., 2000; 
Yamaguchi et al., 2000), rheumatoid arthritis (Abdel-Rahman et al., 2015) as well 
as cancer (Shi et al., 2018). In this regard, there is a positive outlook for MK-7 in 
the dietary supplement, functional food and beverage industries (Arai, 2007; Sumi, 
2004b), and it is reported that the vitamin K market size may witness significant 
gains over the period of 2016‒2024 (Global Market Insights, 2018). MK-7 can be 
produced via fermentation processes mainly by Bacillus subtilis species. Microbial 
synthesis of MK-7 is, however, influenced by many factors inherent to the process 
that can affect the yield and operation cost. Often, in liquid state fermentation of 
MK-7, which is the common cell culture method for the majority of industrial MK-7 
bioprocesses, biofilm formation is still a major obstacle for efficient and 
economical production of MK-7 on an industrial scale (Berenjian et al., 2015). 
Although it has been observed that biofilm formation is a common mode in the 
bacterial life cycle and MK-7 production shows a liner dependency on biofilm 
formation (Berenjian et al., 2013), biofilm formation is a key event which leads to 
mass transfer resistance and costly periodic cleaning which ultimately results in a 
decrease in bioreactor productivity and higher production costs (Applegate & 
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Bryers, 1991). Therefore, finding ways to reduce biofilm formation would enhance 
the performance of the bioreactor.  
Besides biofilm formation, another problem in MK-7 production has been attributed 
to low MK-7 concentration (Berenjian et al., 2015). Even though progress has been 
made in liquid and solid state fermentation through optimisation of nutrient and 
operating conditions which led to the improvement of the MK-7 production 
(Berenjian et al., 2011), the optimum nutrient components and operating conditions 
also enhanced biofilm formation (Berenjian et al., 2013). Therefore, none of the 
previous approaches have been able to strike a balance between these two opposing 
demands. In addition, the presence of a large number of downstream processing 
steps complicated the production process.  
The main purpose of the present study was, therefore, to improve the productivity 
of the MK-7 production process through developing novel strategies to minimise 
biofilm formation while maximising the MK-7 production as well as reducing the 
downstream processing steps involved in the MK-7 production process. 
 
 Overview of the thesis 
This thesis is comprised of 10 chapters and is organised as follows: Chapter 1 
contains the introduction and research objectives.  
Chapter 2 gives a comprehensive literature review on vitamin K and its health 
benefits, highlighting the importance of MK-7, an overview of MK-7 production, 
current problems in the MK-7 production process and novel approaches for 
addressing these issues. This chapter emphasises the applicability of biocompatible 
nanoparticles for addressing the problem of biofilm formation, low MK-7 
production and many downstream processing steps in addition to milking of MK-7 
with biocompatible organic solvents to improve the productivity of the fermentation 
Introduction Chapter 1 
3 
process. 
 Chapter 3 describes the materials and methods applied in this research to provide 
the reader with a more detailed background.  
Chapter 4 describes synthesis and characterisation of iron oxide nanoparticles. In 
this chapter, synthesis of iron oxide nanoparticles through chemical co-precipitation 
and post-synthesis surface functionalisation of iron oxide nanoparticles with 
3-aminopropyltriethoxysilane (APTES) followed by determination of their 
structure and magnetic properties are described. 
In Chapter 5 a novel approach to minimise bacterial surface attachment and 
subsequent biofilm formation through the application of surface functionalised iron 
oxide nanoparticles is discussed. Reducing bacterial attachment and increasing 
detachment are two effective strategies that can be applied to mitigate the biofilm 
formation while maintaining bacterial cell viability which is of utmost importance 
in the fermentation process. In this chapter, the effect of naked and 
3-aminopropyltriethoxysilane coated iron oxide nanoparticles on biofilm formation, 
growth, and viability of Bacillus subtilis cells are discussed. This chapter sheds light 
on the biocompatibility of APTES coated iron oxide nanoparticles and their ability 
to reduce bacterial surface attachment and subsequent biofilm formation.  
Chapter 6 describes a development of a novel, simplified and accurate method to 
routinely analyse MK-7 by High-Performance Liquid Chromatography. The 
general usefulness of the developed method in terms of accuracy, reproducibility, 
sensitivity and short runtime is demonstrated by the application of the method in 
the analysis of MK-7 from several Bacillus species/strains. 
Chapter 7 describes the effect of surface functionalised iron oxide nanoparticles 
on MK-7 production and identifies the optimum concentration of iron oxide 
nanoparticles which gives the maximum MK-7 yield. In this chapter, the APTES 
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coated iron oxide nanoparticles, which significantly reduced biofilm formation 
described in Chapter 6, were tested for their effect on MK-7 production and the 
optimum concentration of APTES coated nanoparticles, which would minimise 
biofilm formation and maximise MK-7 yield is given. 
Chapter 8 identifies the optimum medium for Bacillus subtilis fermentation which 
can minimise the biofilm biomass while maximising the MK-7 production. In the 
first part of this study, a biofilm detachment strategy to reduce biofilm biomass 
while maximising MK-7 production is explored. In this regard, cellular responses 
of MK-7 production and biofilm formation to various initial concentrations of the 
key nutrients which were believed to interfere with the structural integrity of 
biofilms and their optimum concentrations are assessed for their ability to reduce 
biofilm formation without compromising the MK-7 production. In this respect, 
mathematical model fitting with response surface optimisation is demonstrated and 
validated as a rational approach to identify the effective nutrients and their optimum 
concentrations. In the second part of this chapter, a combination of a biofilm 
attachment and a detachment strategy is explored to minimise biofilm formation 
and maximise MK-7 production. The cell growth, biofilm formation and MK-7 
production of Bacillus subtilis in this optimum medium are then demonstrated.  
Chapter 9 explores further opportunities to enhance total MK-7 production by 
periodic removal of MK-7 by biocompatible organic solvents from the culture 
medium and re-use of the biomass for MK-7 production. Hereafter this process is 
termed as ‘milking’. As menaquinones are said to be involved in feedback 
inhibition of two key regulatory enzymes in shikimate biosynthesis, it is reported 
that total MK-7 production can be improved by keeping the MK-7 level below the 
feedback inhibition threshold. In addition, it is reported that bacteria under 
metabolically challenged conditions show increased respiration rates which can 
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result in enhanced MK-7 synthesis. This chapter demonstrates the possibility of 
improving the total MK-7 production by milking of MK-7 from the culture medium 
with biocompatible organic solvents. A review of common organic solvents used 
for MK-7 extraction, changes in bacterial cell viability upon milking of MK-7 with 
organic solvents, selection of a biocompatible organic solvent for milking MK-7 
and the effect of milking MK-7 with biocompatible organic solvents on MK-7 
production are discussed in this chapter.  
Chapter 10 concludes the significant findings of this thesis and presents some 
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 Vitamin K  
Vitamin K, an anti-haemorrhagic factor discovered in 1929 by the Danish 
biochemist Henrik Carl Peter Dam, is capable of correcting dietary induced 
haemorrhages and spontaneous bleeding (Dam, 1929, as cited in Dam, 1935). The 
anti-haemorrhagic factor received the letter ‘K’ as a reference to the first letter of 
the word ‘Koagulation’ as spelled in the German and Scandinavian languages (Dam, 
1935). The chemical structure of vitamin K was solved by Edward Doisy and his 
group as 2-methyl-3-phytyl-1,4-naphthoquinone in the late 1930s (MacCorquodale 
et al., 1939). Both Henrick Dam and Edward Doisy were awarded the Nobel Prize 
in 1943 for their important roles in discovering vitamin K and elucidation of the 
chemical structure of vitamin K. The mechanism of action of vitamin K was, 
however, only disclosed 40 years after Dam reported the bleeding conditions in 
chickens (Suttie & Nelsestuen, 1980). 
Vitamin K is a generic term used for a number of related compounds classified as 
vitamin K1 (phylloquinone), vitamin K2 (menaquinone) and vitamin K3 
(menadione). Phylloquinone (PK) and menaquinones (MK) are the two naturally 
occurring forms of vitamin K and menadione is the synthetic form of Vitamin K. 
All forms of vitamin K have the common 2-methyl-1,4-naphthoquinone nucleus 
but differ in the length and degree of saturation of the side chain at the 3-position 
(Vermeer & Schurgers, 2000) (Figure 1). The structure of the side chain differs with 
the number of prenyl units composing the isoprenoid side chain (Dam, 1935) 
differing from species to species (Fujimoto et al., 2012). Therefore, menaquinones 
are a series of vitamers having variable side chain lengths of 1‒14 repeating 
isoprene units referred to as MK-n where n denotes the number of isoprene units 
(Berenjian et al., 2015; Booth, 2012; Collins & Jones, 1981; Tsukamoto et al., 
2001).  
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Figure 1 Molecular structure of menaquinone.  
The letter “n” denotes the number of isoprene units (1-14) 
 
Phylloquinone is commonly found in green leafy parts of plants, and is, therefore, 
considered as the main dietary form of vitamin K. In contrast, menaquinones are 
normally synthesised by bacteria (Shearer & Newman, 2008; Suttie, 1995) except 
menaquinone-4 (MK-4), which is regarded as a short-chain menaquinone produced 
by the conversion of PK into MK-4 by the intestinal flora in the colon of humans 
and rodents (Okano et al., 2008). Menaquinones are the most widespread 
respiratory quinones found as membrane-bound compounds (Fujimoto et al., 2012) 
in many microorganisms such as archaea (Lübben, 1995) and both gram-positive 
and gram-negative bacteria (Collins & Jones, 1981). They are also assumed to be 
evolutionarily the most ancient type of isoprenoid quinones (Lübben, 1995; 
Nitschke et al., 1995). Menaquinones are known to function mainly as electron 
carriers in prokaryotic photosynthetic and respiratory electron transport chains 
(Bentley & Meganathan, 1982; Meganathan, 2001) (Figure 2), whereas 
phylloquinone functions as an electron receptor during photosynthesis. Thus 
menaquinones occupy a central role in the electron transport chain and the synthesis 
of MK is critical for the survival of bacteria (Dhiman et al., 2009). 
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Figure 2 Schematic representation of the gram-positive bacterial electron transport chain. 
 
Taber et al. (1981) have extensively studied the mechanism of MK biosynthesis in 
Bacillus subtilis. In MK biosynthesis, the head group precursor 1,4-dihydroxy-2-
naphthoate (DHNA) and the side chain are synthesised separately in two distinct 
independent biosynthetic pathways and the two counterparts are condensed by the 
enzyme DHNA prenyltransferase before undergoing further modifications by 
methylation (Nowicka & Kruk, 2010). The biosynthesis of the quinone skeleton is, 
however, limited by feedback inhibition of aromatic amino acids such as L-tyrosine, 
L-phenylalanine and L-tryptophan (Tsukamoto et al., 2001). In addition, chorismate 
and menaquinone (MK-4) are involved in the feedback inhibition of two regulatory 
enzymes in the shikimate pathway, 3-deoxy-D-arabino-heptulosonate-7-phosphate 
(DAHP) and shikimate kinase (Taguchi et al.) (Figure 3). The intermediates in the 
pathway have been extensively targeted in the development of mutants with 
improved MK-7 productivity.  
 
Literature Review Chapter 2 
11 
 
Figure 3 Menaquinone biosynthetic pathway and the regulatory mechanism by feedback 
inhibition.  
 
 Health benefits of vitamin K 
Vitamin K has many health benefits. Beyond the role of normal blood coagulation, 
vitamin K plays a key role in bone formation (Vermeer, 1990). In mammals, 
vitamin K acts as a cofactor for ɤ-glutamyl carboxylase enzyme, which converts 
ɤ- glutamate residues in osteocalcin to ɤ-carboxylase glutamate (Gla) which has 
calcium binding properties. Gla promotes mineralisation of bone in osteoblasts in 
bone metabolism (Vermeer, 1990), and therefore it has been suggested that the daily 
intake of vitamin K would improve bone strength and would prevent osteoporotic 
fractures (Iwamoto et al., 2006; Shiraki et al., 2000). Deficiency in both 
phylloquinone and menaquinones have been shown to be connected to low bone 
mass and femur neck fractures. However, low bone mass and fractures were more 
closely correlated with MK than with PK. For example, Cockayne et al. (2006) 
report that bone fractures and bone loss are lower in Japanese patients who regularly 
consume MK. Therefore, in summary, intake of MK is said to be more important 
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to reduce bone fractures. The intake of MK-7 especially plays a vital role in bone 
formation (Tsukamoto et al., 2000), reducing bone fractures (Schurgers et al., 2007) 
and in preventing postmenopausal bone loss by improving bone mineral 
calcification and the femoral neck width (Knapen et al., 2007). Studies show that 
MK-7 is more effective in catalysing osteocalcin carboxylation (Schurgers et al., 
2007) and thereby can significantly reduce bone fractures. This is due to the long 
half-life of MK-7 which makes it effectively present in the circulation longer than 
PK for uptake by extrahepatic tissues (Schurgers et al., 2007).  
In addition, a direct link has been seen between MK and cardiovascular health. 
Beulens et al. (2009) have shown that the dietary intake of MK is more important 
than PK in reducing coronary artery calcification. It has been shown that high 
dietary intake of MK, especially the long-chain MK (MK-7, MK-8 and MK-9) 
could protect against cardiovascular disease by preventing coronary artery 
calcification through the activation of a matrix Gla protein, which is a calcification 
inhibitor expressed in vascular tissue (Gast et al., 2009; Knapen et al., 2015; Shea 
& Holden, 2012). Supplementation of MK-7 has especially shown to decrease 
arterial stiffness in postmenopausal women (Knapen et al., 2015). Therefore, MK-7 
is the obvious choice to be included in multivitamin supplements and functional 
foods for the prevention of these diseases (Cranenburg et al., 2007).  
 
 Dietary intake of vitamin K 
When compared to the other vitamins, the dietary intake of vitamin K is very low 
(Cranenburg et al., 2007). In a typical western diet, especially the intake of MK-7 
is less when compared to traditional Asian diets. Further, long-chain MK are limited 
to certain fermented foods like cheeses (MK-8 and MK-10) and the traditional 
Japanese soy bean-based product, natto (MK-7) (Knapen et al., 2015). According 
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to Tsukamoto et al. (2000), daily intake of natto would increase serum levels of 
MK-7 and ɤ-carboxylated osteocalcin in normal individuals. It is recorded that 
prolonged intake of natto prevents bone loss (Tsukamoto et al., 2000; Yamaguchi 
et al., 2000). Natto is considered as the best source of MK-7. It is a product of 
fermentation of soybean using Bacillus subtilis natto (Booth, 2012; Shea & Holden, 
2012). Even though low concentrations of MK-7 can be obtained from certain 
fermented cheeses and meat products (Song et al., 2014), comparatively natto has 
a high amount of MK-7, typically 800‒900 µg per100 g of natto (Berenjian et al., 
2015; Sakano et al., 1988; Sato et al., 2001b), in addition to MK-8 and PK in 
moderate concentrations (84 and 35 µg/100g ) (Booth, 2012). The concentration of 
MK-7 in natto requires the consumption of 20‒22 g natto/day to achieve the 
recommended daily dose of 180 µg/day (Berenjian et al., 2014; Knapen et al., 2015). 
Further, sufficient consumption is impractical as people have negative feelings 
towards natto due to its texture and smell. Furthermore, natto is only popular in 
certain regions of Japan and is not widely consumed elsewhere (Kamao et al., 2007; 
Walther et al., 2013). Therefore, quantity production of MK-7 via a bacterial 
fermentation system is of importance to allow the production of supplements.  
 
 MK-7 production and current challenges 
The starter strain used for natto production is Bacillus subtilis BEST 195 which is 
thought to have been isolated about 100 years ago (Kubo et al., 2011). Dried rice 
straw, which is the natural habitat of the spore-forming Bacillus subtilis, was used 
for natto fermentation, before the isolation of the starter strain (Kubo et al., 2011). 
Natto gets its sticky texture due to poly ɤ- glutamic acid ( PGA ) production by 
BEST 195 via the pgs operon (Ashiuchi et al., 1999). Bacillus subtilis has been 
widely investigated as a potential MK-7 producer using both liquid and solid state 
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fermentation processes (Berenjian et al., 2015). The two bioprocesses mainly differ 
from each other based on the amount of free liquid in the substrate during 
fermentation. The water content in the liquid state fermentation (LSF) varies from 
90‒95% whereas the water content in solid state fermentation (SSF) conceivably 
varies from 12 wt% up to the maximum water holding capacity of the solid, which 
in some cases is 80 wt% (Mitchell et al., 2000). Many studies have been carried out 
to enhance the production of MK-7 using both LSF and SSF. These studies have 
been focused on optimisation of nutrients and operating conditions (Berenjian et al., 
2011; Berenjian et al., 2014; Mahdinia et al., 2017), fed batch addition of nutrients 
(Berenjian et al., 2012), genetic mutation coupled with optimisation of the 
fermentation medium (Sato et al., 2001b; Song et al., 2014; Tsukamoto et al., 2001), 
in situ extraction protocols (Berenjian et al., 2014) and magnetic immobilisation of 
bacteria (Ebrahiminezhad et al., 2016c). In addition, MK-7 production using lactic 
acid bacteria (Morishita et al., 1999) has also been reported. However, Bacillus 
subtilis is considered as the key microorganism in industrial vitamin K production 
due to a long history of safe use and the capacity of the bacterium to produce and 
secrete large quantities of MK-7 (Berenjian et al., 2015; Song et al., 2014).  
From the research conducted so far, the highest level of MK-7 that is achievable by 
LSF fermentation of Bacillus subtilis natto in a 3 L fermenter is 226 mg/L 
(Berenjian et al., 2014) while the highest level from SSF is 140 mg/L (Mahanama 
et al., 2012). Although natto has been traditionally produced via SSF, in 
comparison with LSF, SSF is difficult to scale up, there is a lack of devices to 
measure relevant operating variables inside the reactor and it is difficult to remove 
the large amount of heat that is generated by metabolic activities of microorganisms 
(Mahanama et al., 2011) which would ultimately affect the growth of the 
microorganism (Pandey, 2003). There are major concerns with the static mode 
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fermenters, such as the risk of large oxygen gradients in addition to the temperature 
gradients when the fermentation progresses (Pandey, 2003). The highest amount of 
MK-7 production of 140 mg/L through SSF in Bacillus subtilis fermentation was 
therefore achieved using a tray type solid-state fermenter, with an effective cooling 
system (Mahanama et al., 2012). Further, the space required for the installation of 
static mode fermenters is comparatively large (Berenjian et al., 2015). Therefore, 
LSF is a better option for MK-7 production compared to SSF. 
Apart from optimising the nutrients, fermentation and operating conditions, 
mutation studies have also been focused on constructing a strain of Bacillus subtilis 
natto with higher MK-7 productivity. In one of the studies, a combination of 
chemical N-methyl-N-nitro-N-nitroso-guanidine (NTG) and physical mutation (UV) 
methods have been used (Tsukamoto et al., 2001). However, the constructed strain 
with analog resistance to 1-hydroxy-2- naphthoic acid (HNA), p-fluoro-D, 
L-phenylalanine (pFP), m-fluoro-D, L-phenylalanine (mFP), and β-2-thienylalanine 
(βTA) gave only 2-fold increase in MK-7 production compared to that of the 
commercial strain and the method involved screening of large numbers of mutants 
(Tsukamoto et al., 2001). While HNA is an analog of DHNA: an intermediate in 
the biosynthetic pathway of the quinone skeleton, pFP, mFP and βTA are analogs 
of aromatic amino acids which are involved in a feedback inhibition in the 
shikimate pathway (Tsukamoto et al., 2001) (Figure 3). Mutation by NTG and low 
energy beam implantation combined with optimisation of the fermentation medium 
has been attempted by Song et al. (2014); however, the maximum amount of MK-7 
production achieved was 3.5 mg/L. A potent, D-phenylamine resistant mutant 
produced via chemical mutagenesis using NTG has given 60 mg/L of total MK 
(MK-7 and MK-8) under static fermentation conditions (Sato et al., 2001b), while 
a menadione-resistant mutant has given 35 mg/L of MK-7 (Sato et al., 2001a). Even 
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though these studies reported a considerable increase in MK-7 under the optimum 
conditions with mutant strains of Bacillus subtilis, it has been demonstrated that 
optimisation of nutrient concentrations (Berenjian et al., 2011) and operating 
conditions (Berenjian et al., 2014) are imperative in increasing MK-7 production. 
A concentration of 62 mg/L of MK-7 with optimisation of nutrient concentration 
using central composite face design (CCD) in response surface methodology (RSM) 
during a static fermentation process, and a concentration of 226 mg/L of MK-7 with 
aeration and stirring at 40°C in a 3 L fermenter, has been achieved in Bacillus 
subtilis natto fermentation without using any genetic modification. In addition, a 
new concept of application of nanoparticles for MK-7 biosynthesis was attempted 
by Ebrahiminezhad et al. (2016c). The presence of nanoparticles did not show any 
negative effect on bacterial cell growth or MK-7 production; however, neither did 
they cause any significant increase in MK-7 production. An update of the list of 
studies recorded in Berenjian et al. (2015), which used LSF for the production of 
MK-7 and the resultant concentration, is given in Table 1.  
Fermentation of MK-7 at industrial scale, however, is still a complicated process 
(Berenjian et al., 2015). These complications include biofilm formation (Berenjian 
et al., 2013), low fermentation yield, and a need for more than 20 different unit 
operations (Berenjian et al., 2014). As a result, the price of MK-7 in a pure powder 
form is currently around US$5 million/kg (Berenjian et al., 2015; Ebrahiminezhad 
et al., 2016b; Wohlgemuth, 2009), signifying the importance of minimising these 
problems by developing novel bioprocess approaches.
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 Biofilm formation 
Biofilm formation has been used for the production of many value-added products 
such as organic acids, enzymes, polysaccharides, antibiotics as well as bioenergy 
(Cheng et al., 2010). In addition, MK-7 production has shown a linear dependency 
on biofilm formation (Berenjian et al., 2013) and in this regard, biofilm reactors 
have been used to produce MK-7 (Mahdinia et al., 2017). However, biofilm 
formation in static mode fermentation by Bacillus subtilis has found to be one of 
the major problems associated with MK-7 production (Berenjian et al., 2013) as it 
leads to many process complications in industrial fermentation. Most importantly, 
as biofilms are extremely diffusion limited, oxygen and nutrient deficiency would 
result in a decrease in bacterial metabolic activity (Stewart & Franklin, 2008). 
Biofilm cells are also subjected to other stresses, such as high cell density, 
metabolite accumulation and high osmolarity (Spormann, 2008). Due to the 
protective nature of biofilm and high survival competence in industry, the formation 
of biofilms results in costly periodic cleaning in industrial settings (Gibson et al., 
1999). Biofilms also cause corrosion of equipment in the industry due to 
extracellular enzymes active within the biofilm matrix (Beech & Sunner, 2004). 
Further, endospores produced by genera like Bacillus can colonise the process 
equipment and become a significant source of steady contamination. 
Countermeasures against biofilms are therefore necessary for good manufacturing 
practice in order to improve process performance and product quality and quantity 
and reduce costly periodic cleaning.  
Biofilms are architecturally complex, surface-attached communities of 
microorganisms embedded within a self-produced matrix of extracellular polymeric 
substances consisting of polysaccharides, proteins and nucleic acids (Kearns et al., 
2005; O'Toole et al., 2000). Apart from these, Bacillus subtilis is able to produce 
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poly-ɤ glutamate (PGA) which is an additional matrix component (Chettri et al., 
2016; Stanley & Lazazzera, 2005), which, however, makes no significant 
contribution to the extracellular matrix in the wild strain (Branda et al., 2006). Poly- 
ɤ -glutamate can enhance biofilm formation by enhancing cell–surface interactions 
regulated by the loci, DegSU, DegQ, SwrA and the two-component regulator 
ComPA (Stanley & Lazazzera, 2005). In standing liquid medium, biofilms are 
formed when cells of Bacillus subtilis switch from a highly motile planktonic state 
to a non-motile state (Kearns et al., 2005) (Figure 4). The process of biofilm 
formation generally can be divided into five distinct stages, each with its own 
genetic pathway: 1) Initial surface attachment, 2) monolayer formation, 3) 
formation of multi-layered microcolonies, 4) production of extracellular matrix, and 
5) maturation and sporulation taking place from mature biofilm (Lemon et al., 2008; 




Figure 4 Model of biofilm development.  
 
Varied environmental signals and regulatory pathways control entry into biofilm 
formation. Environmental signals that trigger the transition from free swimming to 
sessile form are mainly nutritional content of the medium, temperature, osmolarity, 
pH, iron and oxygen (O'Toole et al., 2000). These environmental conditions that 
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trigger biofilm formation, however, vary among organisms as evident by multiple 
genetic pathways that control biofilm formation. The starvation response pathway 
is one of the pathways that can be considered as part of the biofilm development 
cycle (O'Toole et al., 2000).   
The key regulatory genes in biofilm development are SinR and SinI (Kearns et al., 
2005). SinR is the master regulator that governs the switch of motile cells to 
nonmotile cells (Kearns et al., 2005). SinR indirectly promotes cell separation and 
motility by binding to the promoter region of the eps operon and repressing the 
transcription of genes responsible for the production of exopolysaccharides (EPS) 
(Branda et al., 2006; Kearns et al., 2005). Exopolysaccharides are the primary 
component of the extracellular matrix (Kearns et al., 2005). The extracellular 
matrix is responsible for the spatial organisation of Bacillus subtilis biofilms 
(Cairns et al., 2014). In standing liquid cultures, Bacillus subtilis form 
architecturally complex bacterial communities at an air-liquid interface termed 
pellicles, and sporulation takes place from the aerial structures projecting from the 
pellicles (Branda et al., 2001; Cairns et al., 2014). Therefore, the extracellular 
matrix promotes survival of Bacillus subtilis in the biofilm by allowing sporulation. 
Extracellular matrix production and biofilm development take place when the 
activity of SinR is antagonised by anti-repressor proteins SinI, YlbF and YmcA 
(Branda et al., 2006; Kearns et al., 2005) (Figure 5). The anti-repression pathway 
revolving around the transcriptional repressor SinR is triggered by the transcription 
factor SpoOA (Branda et al., 2001). Phosphorylation and activation of SpoOA 
(SpoOA~P) are vital to biofilm development (Branda et al., 2001) and this takes 
place through a signal provided by the Krebs cycle (Ireton et al., 1995). SpoOA is 
also the key transcriptional regulator that directs entry into sporulation (Cairns et 
al., 2014). 




Figure 5 Genetic circuity governing Bacillus subtilis lifestyle switch from planktonic to 
biofilm. Repression of the production of exopolysaccharides and biofilm formation by 
SinR is shown by the symbol . SinR indirectly promotes cell separation indicated by 
an arrow. When conditions are favourable for biofilm formation, SpoOA~P; the key 
regulatory protein controlling transcription, rises above a threshold limit to initiate biofilm 
formation. Further, anti-repressor proteins SinI, YIbA and YmcA, antagonize the activity 
of SinR thereby promoting biofilm formation. 
 
 Biofilm formation and sporulation 
Sporulation is a phenomenon closely linked with biofilm formation and is regulated 
by common regulatory pathways (Tawaba, 2015). The same stimuli of biofilm 
formation, mainly carbon, nitrogen, or in some instances phosphorus starvation and 
high population density (Errington, 2003), triggers sporulation in Bacillus subtilis. 
At least three histidine protein kinases (KinA, KinB, and KinC) are said to be 
involved in the initiation of sporulation (Grossman, 1995; LeDeaux et al., 1995). 
Even though nutrient deprivation is the primary signal, sporulation is a population 
density-dependent regulation mediated by extracellularly signalling molecules 
which regulate SpoOA~P, the key transcription factor that is required for the 
initiation of sporulation as well as for biofilm development (Grossman, 1995; 
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Miller & Bassler, 2001). High levels of SpoOA~P triggers sporulation (Branda et 
al., 2001). Apart from these, a quorum sensing peptide, termed competence 
stimulating factor, also plays a major role in sporulation (Miller & Bassler, 2001). 
Further, the activities of Krebs citric acid cycle enzymes are important in 
sporulation (Ireton et al., 1995). For sporulation to complete, cells need to expend 
energy, and one of the roles of Krebs citric acid cycle enzymes is to provide energy-
yielding compounds and metabolic intermediates necessary for sporulation (Ireton 
et al., 1995).  
In the process of sporulation, dormant environmental resistant spores are formed by 
an asymmetric cell division that produces a larger mother cell, and a smaller 
forespore. The forespore matures and develops resistance properties after it is 
engulfed by the mother cell and the mature spore is released after the mother cell 
lyses (Grossman, 1995).  
 
 Quorum sensing and microbial biofilms 
Biofilm formation and sporulation together with diverse cellular processes are 
activated by the cell to cell signalling between bacterial cells termed as quorum 
sensing (QS) (Miller & Bassler, 2001). The large cell densities in biofilms create a 
local environment suitable for bacterial communication. Bacteria use chemical 
signals to recognise the cell density and then they respond with appropriate 
corrective behaviour. Bacillus subtilis generally use secreted peptides, which 
accumulate extracellularly as autoinducers for quorum sensing (Miller & Bassler, 
2001). The concentration of autoinducers is correlated with population density 
(López et al., 2010; Miller & Bassler, 2001). Quorum sensing can influence biofilm 
formation in different ways. Following starvation, QS signals can increase to 
initiate biofilm formation and, finally, QS can induce behaviours in biofilm cells, 
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such as the production of exopolysaccharides and sporulation (Miller & Bassler, 
2001). It also plays a major role in controlling the population size in a biofilm, 
behaviour of biofilm cells and biofilm structure (Spormann, 2008). 
For Bacillus subtilis, the lipopeptide surfactin has been identified as a quorum-
sensing molecule which appears to influence biofilm formation by causing 
potassium leakage from the cytoplasm (López et al., 2009). Potassium leakage is 
sensed by a membrane-associated sensor kinase, KinC, which in turn triggers the 
expression of the genes involved in extracellular matrix production (López et al., 
2010). In this species, as discussed earlier, the matrix genes are repressed by the 
regulator SinR, which is antagonised by SinI. The gene sinI is only expressed when 
KinC-mediated phosphorylation of the transcription factor SpoOA~P rises above a 
threshold level (Kearns et al., 2005)  
As quorum sensing plays a major role in biofilm formation, interference with 
quorum sensing signalling, through the use of quorum sensing signalling mimics or 
quorum quenchers, has been a promising approach to combat pathogenic infections 
of biofilm-forming bacteria (Dong & Zhang, 2005). 
 
 Biofilm formation and sporulation: Implication for MK-7 
production 
Both biofilm formation and sporulation are closely linked with MK-7 production. 
However, the information is incomplete and unclear. Farrand and Taber (1974) 
reported that menaquinones are no longer produced after sporulation is complete. 
In this context, Sato et al. (2001b) showed that static fermentation would result in 
enhanced MK-7 production as sporulation progresses more slowly within a biofilm 
in a static culture. In their statement Sato et al. (2001b) also referred to the cell 
density. They concluded that “for enhanced MK production, cells have to be kept 
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static before cell growth reaches maximum” (Sato et al., 2001b, p. 19). Sporulation 
is a phenomenon which is dependent on cell density and is mediated by extracellular 
signalling molecules. Sporulation is inefficient in cells at low population density, 
even upon starvation (Grossman, 1995; Miller & Bassler, 2001). According to 
Farrand and Taber (1973), the maximum sporulation can be seen when MK-7 is 
maximum. A positive correlation between sporulation and MK-7 production has 
also been demonstrated by Luo et al. (2016). However, addressing the relationship 
between cell density, biofilm formation and MK-7 production, Berenjian et al. 
(2013) claim that high cell density and pellicle formation are not very important for 
accelerating MK-7 production.  
Microorganisms trapped within a biofilm matrix, however, experience limited 
oxygen and nutrient transfer which would eventually lead to a reduction in the 
growth rate and cell density (Stewart & Franklin, 2008). Therefore, reducing 
biofilm formation would be advantageous in the sense that it would address the 
mass and heat transfer issues that might arise in a large-scale fermentation process 
and many other process complications in MK-7 production (Berenjian et al., 2013). 
On the other hand, biofilm fermentation has allowed for efficient product recovery 
in comparison to the suspended cell systems as there are fewer processing steps in 
the recovery of MK-7 (Berenjian et al., 2013). Therefore, in industrial MK-7 
production, a fermentation system designed to have minimum biofilm formation, 
maximum MK-7 production and efficient product recovery would offer a greater 
advantage. Surface functionalised nanoparticles with magnetic properties hold great 
promise to address all these issues, and the rationale for the use of nanoparticles for 
biofilm control, enhanced MK-7 production and process intensification are given 
in the following sections. 
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 Nanoparticle research 
Currently, there is an intense scientific interest in nanoparticle (NP) research. It has 
a very long history, dating back to the 9th century where NPs were used for 
generating a glittering effect on the surface of pots by artisans in Mesopotamia 
(Suganeswari, 2011). The term ‘nano’ is derived from the Greek word ‘nanos’ for 
dwarf (Buzea et al., 2007). Although there is no internationally agreed formal 
definition of nanoparticles, nanoparticles are usually defined as particulate 
dispersions or solid particles with a size in the range of 10‒1000 nm (Suganeswari, 
2011) or materials that have structural components smaller than 1000 nm (1µm) in 
at least one dimension (Buzea et al., 2007). Because the size threshold varies with 
the type of the material, Buzea et al. (2007) argue that the sub-micron level should 
be taken as the legitimate definition, although some authors limit the upper size 
limit to 50 nm or 100 nm. Due to distinct properties, such as large surface area and 
quantum size effects, nanoparticles are considered as a distinct state of matter 
(Buzea et al., 2007).  
A variety of materials, such as proteins, polysaccharides and synthetic polymers, 
are used to prepare nanoparticles (Suganeswari, 2011). The choice of matrix 
material for a specific application depends on many factors, including the required 
size of nanoparticles, surface characteristics, the degree of biocompatibility, the 
degree of biodegradability and toxicity (Suganeswari, 2011). 
Among the nanoparticles, superparamagnetic nanoparticles which can be 
manipulated by using magnetic field gradients have shown great promise in many 
fields. Superparamagnetic nanoparticles are single domain particles with all their 
magnetic moments aligned in the same direction and with a short relaxation time 
(Benz, 2012). These particles have unique properties, such as the nearly 
instantaneous charge of magnetisation in the applied magnetic field, which allows 
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them to be directed towards a target using an external magnetic field and heating in 
alternating magnetic fields (Ihor et al., 2008). Owing to their unique properties, 
superparamagnetic nanoparticles have been intensively developed and have found 
numerous applications, including biomedical, optical and electronic fields, such as 
biosensing (Miller et al., 2002; Suganeswari, 2011), targeted drug delivery 
(Neuberger et al., 2005), destruction of cancer tissues through hyperthermia 
(Laurent et al., 2011), magnetic resonance imaging (Weinstein et al., 2010), jet 
printing (Tiberto et al., 2013), cell separation, immunoassay and tissue repair 
(Gupta & Gupta, 2005). 
The two main forms of nanoparticles with superparamagnetic properties are 
magnetite (Fe3O4) and its oxidized form maghemite (ɤ-Fe2O3). As the 
superparamagnetic behaviour of iron oxide nanoparticles strongly depends upon the 
dimension of the nanoparticles (Laurent et al., 2008), control of uniform size 
distribution is very important in synthesis. The size and shape of the nanoparticles, 
however, depend on many factors, such as pH, ionic strength, temperature, nature 
of the salts and the Fe(II)/Fe(III) concentration ratio (Laurent et al., 2008). 
Various procedures have been described to synthesise magnetic nanoparticles, and 
among these methods, chemical co-precipitation of Fe2+ and Fe3+ ions by an alkali 
such as NH4OH or ammonia in an aqueous solution is the most commonly used 
solution phase procedure (Gnanaprakash et al., 2007; Martínez-Mera et al., 2007; 
Song et al., 2014). The chemical reaction is as follows. 
2Fe 3+ +Fe 2+ +8OH −→FeO.Fe2O3+4H2O 
Nucleation and growth of nanocrystals are the two main steps that are involved in 
this bottom-up method (Mohapatra et al., 2007). The advantage of the 
co-precipitation method is that comparatively large quantities of nanoparticles can 
be prepared (Laurent et al., 2008). Nevertheless, there are several drawbacks in this 
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method, such as the difficulty in controlling the size distribution (Santoyo Salazar 
et al., 2011) and the formation of impurities, such as goethite and maghemite 
(Gnanaprakash et al., 2007).  
In co-precipitation, the ideal ratio of Fe2+/ Fe3+ is about 1:2 (Berger et al., 1999). 
When Fe2+ ions oxidize to Fe3+ ions (Fe2++O2→Fe
3+), the ratio of Fe2+/Fe3+ becomes 
less than 1/2, leading to the formation of nonmagnetic impurities (Gnanaprakash et 
al., 2007). It is reported that when the particle size of iron oxide nanoparticles is 
less than 10 nm, increase in surface area /volume ratio results in a large number of 
surface atoms which would oxidise readily to Fe3+ thereby leading to the formation 
of maghemite on the surface of the magnetic particle (Gnanaprakash et al., 2007). 
The main factors affecting the formation of impurities during co-precipitation are 
the initial and final pH of the solution and the reaction temperature (Gnanaprakash 
et al., 2007). Longer storage periods (6 months) and exposure to high temperatures 
(>180°C) would also cause the Fe2+ ions to oxidise to Fe3+ ions, leading to the 
formation of maghemite (Gnanaprakash et al., 2007). The disadvantage is that the 
maghemite has slightly less saturation magnetisation than magnetite (Gnanaprakash 
et al., 2007). However, when it comes to the technological applications of the 
nanoparticles, both magnetite and maghemite are suitable, as both of them are 
ferromagnetic in nature with superparamagnetism (Gnanaprakash et al., 2007). In 
contrast, goethite is antiferromagnetic in nature. The formation of goethite can 
increase with an increase in pH above 4.7 (Gnanaprakash et al., 2007). 
 
 Impact of nanoparticles on planktonic bacteria 
The effect of nanoparticles on different cell lines have been investigated in various 
studies. However, the impact of nanoparticles on gram-positive bacteria is sparsely 
researched. Nanoparticle toxicity to bacteria is strain/species-specific (Baek & An, 
Chapter 2 Literature Review 
28 
2011; Hajipour et al., 2012). Some studies show that iron oxide nanoparticles have 
a growth inhibitory effect on gram-positive and gram-negative bacterial strains such 
as P. aeruginosa, S. aureus, E. coli, L. monocytogenes and S. marcescens 
(Chatterjee et al., 2011; Ebrahiminezhad et al., 2012a; Ismail et al., 2015; Ramteke 
et al., 2010). Other studies show iron-containing nanoparticles can promote the 
growth of bacterial cells in a size-dependent manner by acting as an exogenous iron 
source for bacteria (Borcherding et al., 2014). Therefore, there are still ambiguities 
with respect to the toxic effects and toxicity mechanisms of nanoparticles (Chang 
et al., 2012). Cytotoxicity or growth promoting effect of nanoparticles on bacteria 
depends on the interaction between nanoparticles and bacteria which in turn seems 
to depend mainly upon the properties of the bacterial cell wall, physicochemical 
properties of nanoparticles (Laha et al., 2014) as well as the environment/culture 
conditions (Żur et al., 2016) which are discussed in detail in the following sections. 
 
 The role of bacterial cell wall 
The major difference between mammalian cells and bacterial cells in connection 
with the impact of nanoparticles is the cell wall. The bacterial cell wall is a rigid 
structure surrounding the cell giving protection to the cell from environmental 
influences as well as constraining shape. Bacteria are divided into two classes 
according to the structure of the cell wall, namely gram-positive and gram-negative 
(Hajipour et al., 2012). The electrostatic attraction or repulsion between 
nanoparticles, and hence the adhesion of the nanoparticles to bacterial cells, is 
mainly governed by the surface charge of the bacterial cell wall. Therefore, in order 
to understand the antibacterial effect of nanoparticles on the gram-positive 
bacterium Bacillus subtilis, it is important to understand the cell wall structure and 
cell wall interactions with nanoparticles. The cell wall of the gram-positive 
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bacterium Bacillus subtilis contains a thick layer (i.e., 15–30 nm) of peptidoglycan, 
with teichoic acids and lipoteichoic acids which are unique to the gram-positive cell 
wall located within and in the latter case also penetrating the cell membrane 
(Hajipour et al., 2012). Neither outer membrane nor a distinct periplasmic space is 
present (Scott & Barnett, 2006) (Figure 6). The peptidoglycan layer together with 
teichoic and lipoteichoic acids form a polyanionic matrix with a variety of functions 
(Scott & Barnett, 2006). Surface components attached to the cell wall contribute to 
the net negative charge of the cell. Although the nature of the negatively charged 
groups has not been fully explored, they seem to be mainly carboxyl and phosphate 
groups (Corpe, 1970). However, the magnitude of the charge can vary from strain 
to strain (Dickson & Koohmaraie, 1989). Further, if exopolysaccharides, which are 
produced by many gram-positive bacteria, have a different chemical character from 
that of the cell wall of the organism, the overall surface charge of the cell will be 
modified (Corpe, 1970). 
Some reports have shown that gram-positive bacteria are more sensitive to iron 
oxide (Fe2O3) nanoparticles than gram-negative bacteria, and these different 
sensitivities have been attributed to the properties of the cell wall and differences 
in their cell membrane polarities (Azam et al., 2012; Ismail et al., 2015). The cell 
wall of gram-negative bacteria is structurally and chemically more complex than 
that of gram-positive bacteria, with an outer membrane consisting of 
lipopolysaccharides, phospholipids, and proteins and an underlying thin 
peptidoglycan layer (Aruguete & Hochella, 2010). It is said that the outer 
membrane containing lipopolysaccharides in gram-negative bacteria increases the 
net negative charge of the cell membrane (Hajipour et al., 2012) and would make 
the cell wall impermeable to lipophilic solutes and would also limit the penetration 
of negatively charged free radicals (Ismail et al., 2015). Therefore, gram-negative 
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bacteria are said to be less sensitive to IONs (Ismail et al., 2015). In contrast, the 
gram-positive bacteria without an outer membrane, having only the peptidoglycan 
layer, which is not a good permeability barrier, are said to be more sensitive to 
lower concentrations of IONs (Ismail et al., 2015). However, Baek and An (2011) 
have reported that the gram-negative bacterium E. coli is more susceptible to CuO 
nanoparticles than gram-positive bacteria (S. aureus and Bacillus subtilis). Also, 
Ebrahiminezhad et al. (2016a) observed similar results by testing silver 
nanoparticles against S. aureus and E. coli. Due to the presence of the thick 
peptidoglycan layer, gram-positive cells are said to be less subject to the toxicity of 
nanoparticles (Hajipour et al.). Therefore, it is difficult to make generalisations 
about the sensitivity of bacteria to nanoparticles solely based on bacterial cell wall 
characteristics. There are other key players, such as the intrinsic properties of the 
nanoparticles, which play a major role in determining nanotoxicity of IONs. 
 
Figure 6 Gram-positive bacterial cell wall structure. The gram-positive cell wall is 
composed of a thick peptidoglycan layer. Lipoteichoic acid and teichoic acid embedded in 
the peptidoglycan layer. Lipoteichoic acids extend into the cytoplasmic membrane. 
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  Antimicrobial effect of nanoparticles 
In addition to the structure of the cell wall, the antimicrobial activity of 
nanoparticles depends on nanoparticle characteristics such as size, stability, shape, 
surface characteristics, dissolution, chemical composition and concentration of the 
nanoparticles in the growth medium (Laha et al., 2014; Nel et al., 2006). 
Most of the properties of nanoparticles are related to their size (Chang et al., 2012). 
With their smaller size, nanoparticles have a greater surface area: volume ratio. This 
allows a greater proportion of its atoms or molecules to be displayed on the surface 
(Nel et al., 2006), enhancing the reactivity and interaction of nanoparticles with 
biological molecules. Further, nanoparticles with varying sizes result in different 
cell uptake rates leading to different levels of toxicity (Baek & An, 2011). Smaller 
nanoparticles can also play a major role in toxicity by generating more radicals 
(Applerot et al., 2009), and size can affect the dissolution rate, and hence the release 
of toxic ions (Liu et al., 2008). Therefore, size is one of the main characteristics 
that influence the toxic effect of nanoparticles. Generally, for a given mass 
concentration, smaller nanoparticles have been shown to have a higher 
antimicrobial activity (Aruguete & Hochella, 2010). However, with iron oxide 
nanoparticles (IONs), Borcherding et al. (2014) reported that the smaller (2 nm) 
nanoparticles have induced the greatest amount of bacterial cell growth as 
compared to larger (540 nm) nanoparticles largely owing to enhanced dissolution 
and increased bioavailability of iron from the smaller particles. A recent study on 
the antibacterial activity of IONs also shows that the antimicrobial activity of IONs 
is insignificant against Bacillus subtilis when the particle size is less than 50 µM 
due to electrostatic repulsion between bacteria and IONs with negative surface 
potential (Arakha et al., 2015). However, at higher concentrations IONs with sizes 
greater than 50 µM have shown antibacterial activity to some extent (Arakha et al., 
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2015). Molecular crowding with the increasing concentration of IONs resulting in 
interactions between IONs and bacteria as well as enhanced production of reactive 
oxygen species (ROS) are attributed to the observed results (Arakha et al., 2015). 
It has also been demonstrated that IONs have an antibacterial effect against E. coli 
and that the activity increases with the increase in the ION concentration (Chatterjee 
et al., 2011). The concentration of the nanoparticles is thus another parameter that 
decides toxicity. This concentration-dependent antibacterial activity has been 
attributed to the production of ROS (Buzea et al., 2007), but the concentration of 
the nanoparticles can affect particle aggregation as well, and it has been shown that 
high concentration of nanoparticles would sometimes promote particle aggregation 
and thereby exert a lower toxic effect (Buzea et al., 2007; Takenaka et al., 2001). 
Aggregation of nanoparticles further depends on the surface charge, material type 
and size of nanoparticles (Buzea et al., 2007). Even though agglomeration has 
frequently been ignored in nanotoxicity studies, nanoparticle aggregation can 
change the size, surface area, dissolution rate and reactivity of nanoparticles and 
thereby would alter the potential effect on organisms (Chatterjee et al., 2011; 
Wiesner et al., 2011).  
Toxicity of nanoparticles differs with the shape as well. For example, it is reported 
that spherical-shaped CuO nanoparticles show more toxicity towards gram-positive 
bacteria than sheet-shaped CuO nanoparticles (Laha et al., 2014). Further, the shape 
of the nanoparticles has shown to impact cellular uptake as well (Kolhar et al., 
2013). Nevertheless, it is not clear whether the shape of the IONs will affect the 
nanoparticle toxicity on bacterial cells. 
Apart from these factors, the surface characteristics, such as surface charge, play an 
important role in toxicity. Hu et al. (2009) studied the relative toxicity of seven 
metal oxide nanoparticles (ZnO, CuO, Al2O3, La2O3, Fe2O3, SnO2, TiO2) with 
Literature Review Chapter 2 
33 
respect to variation in their surface charge and showed that the cytotoxicity 
decreases with the increase in the oxidation state of the metal, where TiO2 with 
Titanium at +4 is the least toxic and ZnO with Zinc at +2 was the most toxic to 
bacteria. Thus, the electrovalent attraction of nanoparticles with the bacterial cell 
wall can contribute to the observed results. The surface negative charge of the 
bacterial cell can associate with positively charged metal nanoparticles, resulting in 
electrostatic condensation. A particular bacterial cell could attract more 
nanoparticles with low cation charge than with high cation charge; thus, the lower 
valent cations exert greater cytotoxicity (Hu et al., 2009). 
Dissolution of metal ions is another factor that affects cell toxicity. It has been 
shown that the toxic effect of soluble metal/metal oxide nanoparticles is higher than 
that of the insoluble ones (Brunner et al., 2006). The solubility of nanoparticles is 
variable in various environmental conditions and the rate of ions released from 
nanoparticles is commonly related to the pH and temperature of the solution (Chang 
et al., 2012). However, the role of nanoparticle solubility on nanotoxicity is 
controversial as Moos et al. (2010) showed that the cytotoxicity is independent of 
the amount of soluble Zn2+ in the cell. Moos et al. (2010) claim that although 
nano-sized ZnO is more cytotoxic than micrometre-sized ZnO, soluble Zn2+ ions 
liberated from ZnO nanoparticles are insufficient to promote cytotoxic effects 
unless the particulate is in contact with the cells. Borcherding et al. (2014) report 
that soluble Fe3+ ion released from smaller Fe2O3 nanoparticles can increase 
bacterial growth, while Chatterjee et al. (2011) report that Fe3O4 nanoparticles exert 
a toxic effect on bacterial cells (E.coli) in a concentration-dependent manner. 
Therefore, particle solubility and cytotoxicity of IONs on cell cultures show a 
nanoparticle size and concentration-specific response. 
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 Key toxicity mechanisms of nanoparticles on planktonic 
bacteria 
Comprehensive understanding of the toxic effect of nanoparticles on bacterial cells 
is important for the safe use of nanoparticles for MK-7 production using Bacillus 
subtilis. Several mechanisms have been suggested to explain the key toxicity 
mechanisms of nanoparticles on planktonic bacteria by various authors (Chang et 
al., 2012; Djurišić et al., 2015; Manke et al., 2013; Nel et al., 2006; Reidy et al., 
2013; Saleh et al., 2015). These include: 
1. Reactive oxygen species (ROS) mediated oxidative stress, with membrane 
lipid peroxidation, protein oxidation and DNA damage. 
2. The release of metal ions, which react with the cell membrane and other 
cellular components. 
3. Physical disruption of the cell membrane.  
However, there is still limited knowledge on the toxicity mechanisms of ION to 
Bacillus subtilis. Reported evidence shows that ROS are the best-developed 
paradigm for nanoparticle toxicity (Nel et al., 2006). Reactive oxygen species is a 
term used to describe radical and non-radical forms of high energy molecules 
containing oxygen such as hydroxyl radical, superoxide anion, singlet oxygen and 
hydrogen peroxide (Hajipour et al.; Saleh et al., 2015). Naked IONs can release 
free iron II, which can be toxic to the bacterial cells as they catalyse the production 
of ROS in Fenton’s reaction (Equations 1 and 2) (Ebrahiminezhad et al., 2012b; 
Müller et al., 2007) outside the cell, inside the cell or at the cell membrane (Saleh 
et al., 2015). 
Fe2+ + H2O2→Fe
3++ OH•+ OH -                                                              (1) 
Fe3++ H2O2 → Fe
2++ OOH•+ H+                                           (2) 
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Extracellularly ROS can disturb the delicate balance between oxidative stress and 
antioxidant defence of cells, resulting in membrane lipid peroxidation or protein 
oxidation leading to membrane leakage (Laha et al., 2014; Müller et al., 2007). 
Intracellular ROS results in DNA breakage, membrane lipid peroxidation and 
protein oxidation (Laha et al., 2014; Müller et al., 2007; Sies & Menck, 1992). This 
would ultimately lead to necrosis and apoptosis of cells (Müller et al., 2007). 
Another mechanism which causes nanoparticle toxicity is metal ion release from 
metal core. Released ions can increase the membrane permeability and induce the 
leakage of cellular content. Further, uptake of these ions by bacterial cells can result 
in disruption of DNA replication (Marambio-Jones & Hoek, 2010). The dissolution 
mechanism of iron oxide nanoparticles depends on their crystal size, crystallinity 
and crystalline phase (Waychunas et al., 2005) with smaller IONs showing the 
highest solubility and iron bioavailability (Borcherding et al., 2014). Apart from 
these, IONs have shown to change the shape of bacterial cells when the bacterial 
cells are trapped within nanoparticles (Chatterjee et al., 2011).  
 
 Nanoparticles’ interaction with bacteria 
The interaction pattern between bacterial cells and IONs plays a key role in 
determining the antimicrobial activity of IONs. Surface attachment of IONs to the 
bacterial cell surface is mainly governed by electrostatic (Ansari et al., 2009; Huang 
et al., 2010b) or hydrophobic interactions (Huang et al., 2010b; Li et al., 2009). 
Naked IONs have a negative surface potential due to the attachment of OH groups 
to IONs in aqueous solution (Ebrahiminezhad et al., 2012b; Mohapatra et al., 2007). 
Therefore, the electrostatic repulsion between the negatively charged naked IONs 
and bacteria with polyanionic cell membranes will hinder the attachment of naked 
IONs to bacterial cells (Azam et al., 2012) and would not, therefore, elicit 
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antimicrobial effects at lower concentrations (Chatterjee et al., 2011). However, a 
higher concentration of IONs would elicit antimicrobial activity to some extent due 
to molecular crowding resulting in net interaction between IONs and bacteria 
(Arakha et al., 2015). Further, the zeta potential of IONs can become positive or 
negative depending on the actual pH of the solution (Dias et al., 2011). As opposed 
to naked IONs, IONs with positively charged groups will attach more readily to the 
bacterial surface and stronger interaction will result in enhanced ROS production 
(Azam et al., 2012). Therefore, surface functionalisation of IONs with 
biocompatible coatings would change the interaction pattern between IONs and 
bacterial cells. Electrostatic forces are not the sole force for governing the 
interaction of IONs, and bacterial cells as IONs can easily attach onto the surfaces 
of bacterial cells using hydrogen bonds or hydrophobic interactions (Huang et al., 
2010b; Larsen et al., 2007) as well as the nano-size effect (Li et al., 2009). Li et al. 
(2009) suggest that IONs adsorbed on the bacterial cells surface do so mainly 
because of the nano-size effect. Some reports have shown that even surface 
modified negatively charged IONs could attach to negatively charged bacterial cell 
surface (Li et al., 2009). On the other hand, bacterial cells are equipped with 
adhesion factors that mediate the attachment of bacterial cells to various substrates. 
These factors can also mediate the interactions of the bacterial surface with IONs 
(Ebrahiminezhad et al., 2014).  
Substantial research has been conducted to identify the key nanoparticle attributes 
related to nanoparticle-cell interaction and associated mechanisms of toxicity for 
planktonic cells. The relevance of this literature to nanoparticle-biofilm interaction 
is not well established as the biofilm environment and biofilm themselves are 
fundamentally different from their planktonic counterparts (Saleh et al., 2015). The 
key differences between planktonic and biofilm cells are: (1) the planktonic cells 
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are normally in a homogenous environment (2) biofilm cells are exposed to 
different microenvironments within the biofilm matrix, and (3) biofilm cells 
generally produce more exopolysaccharides than the planktonic cells, especially at 
slow growth rates (Evans et al., 1994; Saleh et al., 2015).  
The interaction between biofilms and nanoparticles, however, depends on the 
electrostatic properties of both nanoparticles and biofilms. This, in turn, may 
depend on the charge of the biofilm matrix and zeta potential of nanoparticles. The 
majority of bacteria have a polyanionic biofilm matrix due to the presence of uronic 
acid or ketal-linked pyruvate with carboxylic acid as functionalities (Hajipour et al., 
2012; Sutherland, 2001) and phosphate or rarely sulphate residues (Sutherland, 
1990). This polyanionic matrix can potentially bind with positively charged metal 
ions and organic compounds through electrostatic interactions (Esparza-Soto & 
Westerhoff, 2003; Selvakumar et al., 2014). Therefore, the exopolysaccharides 
(EPS) of biofilm matrices contribute directly to the properties of biofilms 
(Sutherland, 2001) by interacting with a wide range of molecular species 
(Sutherland, 2001). Production of EPS is governed by nutritional factors. The 
availability of carbon source and the balance between carbon and other limiting 
nutrients are said to greatly influence the amount of EPS synthesis within the 
biofilm (Sutherland, 2001). Nitrogen is said to be the preferred component which 
stimulates EPS production (Banik et al., 2000). The conformation of many EPS has 
been elucidated by computer models, and according to these models, the charged 
groups are all on the exterior of the molecular chains and therefore can interact with 
ions and other charged molecules (Chandrasekaran & Thailambal, 1990). 
The potential for the use of nanoparticles with appropriate size and concentration 
for controlling biofilm forming pathogens has been demonstrated by few studies. 
Sathyanarayanan et al. (2013) showed that IONs reduce biofilm growth of 
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Pseudomonas aeruginosa. In contrast, a study by Borcherding et al. (2014) has 
shown that IONs affect biofilm formation in a size-dependent manner where the 
smaller (2 nm) IONs have been shown to increase growth and biofilm formation 
significantly due to the release of soluble Fe3+ in comparison to larger (540 nm) 
IONs.  
Biofilm formation has a distinct developmental pathway. In the first stage of biofilm 
formation, microbial cells attach to the surface for their proliferation. It can be 
speculated that the decoration of bacterial cells with nanoparticles would reduce the 
accessible functional groups on the microbial cell surface which are important for 
attachment thereby preventing microbial cells attaching to other surfaces in an 
aqueous solution and subsequent biofilm formation. The addition of nanoparticles 
with appropriate size and concentration to the medium would, therefore, affect 
biofilm formation and the spatiotemporal organisation of the biofilm. Further, the 
binding of nanoparticles to microbial cells would reduce the proximity to 
neighbouring cells. The close proximity of bacterial cells facilitates intercellular 
communication through quorum sensing to initiate biofilm formation and 
production of EPS. Therefore, binding of nanoparticles to bacterial cells might limit 
biofilm formation and EPS production by interfering with quorum sensing 
signalling among the bacterial cells. Nanoparticles can, therefore, be used to reduce 
biofilm formation as an alternative to existing killing methods that are used to 
eradicate microbial biofilms. This would be beneficial in fermentation as it would 
retain bacterial cell viability. However, as toxic effects of naked IONs have been 
reported on several cell lines (Ebrahiminezhad et al., 2012b; Ebrahiminezhad et al., 
2015), surface functionalisation of IONs with biocompatible coatings would be a 
promising approach to control biofilm formation while maintaining bacterial cell 
growth and viability in industrial production systems.  
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 Surface modification of iron oxide nanoparticles 
The specific design and synthesis of nanoparticles create particular 
physicochemical properties which influence their behaviour. There are many 
problems associated with naked IONs, such as low stability, particle agglomeration 
as a result of a high surface area of IONs (Dias et al., 2011), rapid biodegradation 
and alteration of magnetic properties when they are directly exposed to biological 
systems (Santra et al., 2001). In order to stabilise IONs, prevent undesired particle 
agglomeration, optimise bio-interactions, to provide biocompatibility and 
monodispersibility, surface functionalisation of IONs is important. IONs are 
usually encapsulated in polymeric coatings such as polyethylene glycol (PEG), 
polyvinyl alcohol (PVA), polyacrylic acid (PAA), polylactide-co-glycolide 
(PLGA), polyethyleneimine (PEI) (Mahmoudi et al., 2008), silane coupling agents 
such as 3-aminopropyltriethoxysilane (APTES), p-aminophenyltrimethoxysilane 
(APTS) and mercaptopropyltriethoxysilate (MPTES) (Wu et al., 2008). Further to 
these, various polysaccharides such as agarose, alginate, carrageenan, chitosan, 
dextran, heparin, gum Arabic, pullulan and starch (Dias et al., 2011), and non-
polymeric substances such as gold, silica, amino acids and lipoamino acids have 
been used (Ebrahiminezhad et al., 2012b; Gholami et al., 2015; Wang et al., 2015). 
Recent studies have shown that amine-functionalised nanoparticles have more 
biological benefits than naked particles due to their biocompatibility, surface 
activity and chemical simplicity (Ebrahiminezhad et al., 2012b; Ebrahiminezhad et 
al., 2015). Compounds such as L-lysine, L-arginine and 
3-aminopropyltriethoxysilane (APTES), which introduce amine functional groups 
to the nanoparticles, can be used to coat negatively charged nanoparticles, 
increasing the chance of nanoparticles binding to the anionic cell membrane without 
difficulty. While providing active groups for the interaction with the bacterial cell 
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membrane, amine functionalisation would also stabilise the nanoparticles 
(Ebrahiminezhad et al., 2015) and would prevent IONs losing magnetism and 
monodispersibility upon contact with air. Iron oxide nanoparticles coated with L-
lysine have already been applied during the fermentation of MK-7 (Ebrahiminezhad 
et al., 2016c). It has been shown that amino acid coating has no undesirable effect 
on the properties of IONs but would, however, inhibit the growth of magnetic 
nanoparticles resulting in smaller sized nanoparticles (Ebrahiminezhad et al., 
2016c). Nevertheless, smaller nanoparticles with a high surface area/volume ratio 
would offer more surface area for attachment on to the bacterial cell surface by 
electrostatic interactions. It has been reported that the presence of L-lysine coated 
IONs had no significant inhibitory effect on MK-7 production and cell growth of 
Bacillus subtilis (Ebrahiminezhad et al., 2016c). 
In comparison to L-lysine and L-arginine, coating of nanoparticles with APTES 
would prevent the oxidation of nanoparticles and would provide perfect protection 
for the crystal structure of nanoparticles (Ebrahiminezhad et al., 2015). APTES is 
an aminosilane which is a common coupling agent used to functionalise silica 
surfaces (Asenath Smith & Chen, 2008). In addition, APTES would prevent the 
agglomeration of superparamagnetic iron oxide nanoparticles through steric 
repulsion (Sodipo & Aziz, 2014). The silicon shell, as well as the amino groups, 
would give good solubility and dispersibility for Fe3O4 particles in an aqueous 
medium (Huang et al., 2008). Further, as the isoelectric point of IONs@APTES is 
above 9 (Bini et al., 2012; Huang et al., 2010b), when the pH of the bacterial culture 
medium/solution is below the isoelectric point, -NH2 groups of IONs@APTES are 
protonated to form –NH3+ giving a net positive surface charge for IONs@APTES. 
The presence of high density of cationic amine groups can promote strong 
electrostatic interaction with negatively charged sites on the bacterial cells (Huang 
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et al., 2010b). Further, APTES can be used to synthesise smaller IONs which are 
more sensitive to a magnetic field, fairly quickly (Ebrahiminezhad et al., 2015). 
Furthermore, bacterial cells decorated with magnetic nanoparticles would offer the 
advantage of bioprocess intensification through immobilisation of bacterial cells in 
industrial fermentation. 
 
  Process intensification  
Process intensification refers to “any chemical engineering development that leads 
to a substantially smaller, cleaner, safer and more energy efficient 
technology”(Stankiewicz & Moulijn, 2000, p. 23). This can be achieved either by 
decreasing the size of individual equipment or removing the number of operational 
units (Vaghari et al., 2015). In bioprocesses, the downstream processes are 
generally involved with a large number of separation steps, and therefore at the 
industrial scale, the use of bioprocess is limited by size and capital cost. Usually, 
downstream processing is responsible for about 50‒80% of the cost of biomolecules, 
and therefore, is a critical factor which determines the yield and the cost of 
production (Sirkar et al., 2006). For a sustainable bioprocess, it is therefore 
imperative to intensify a process either through equipment intensification or process 
intensification. Among the many paths for process intensification lies the use of 
new separation strategies and the integration of reaction and separation (Vaghari et 
al., 2015).  
 
 Integration of reaction and separation for process 
intensification 
In industrial fermentation of MK-7 using freely dispersed Bacillus subtilis, bacterial 
cells need to be separated from the products after fermentation has taken place. 
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Typically, the first step of downstream processes is the cell separation step, which 
is carried out either by filtration or centrifugation (Sirkar et al., 2006) and these 
steps usually result in loss of viability of cells. In contrast, using the magnetic 
properties of IONs, the immobilised microbial cells can be easily separated from 
the fermentation media without the loss of viability of the cells and the cells can 
then be re-used in the fermentation system (Figure 7 ). As this reduces the number 
of downstream processing steps, IONs can be used in bioprocess intensification, 
which leads to sustainable bioprocesses (Vaghari et al., 2015).  
Immobilisation and in situ magnetic separation techniques have been previously 
applied for dibenzothiophene desulfurizing bacteria. Dibenzothiophene contains a 
broad range of sulphur heterocyclic compounds that can be desulfurized via the 
non-invasive biodesulfurization approach under mild conditions (Li et al., 2008). 
For biodesulfurization using whole cell biotransformation, magnetic separation 
facilitates the separation of bacteria from the culture medium easily and quickly and 
provides an alternative to the normal time-consuming and costly separation 
methods (Ansari et al., 2009; Li et al., 2009). Industrial application of magnetic 
nanoparticles in designing intensified MK-7 production has been demonstrated 
recently by Ebrahiminezhad et al. (2016b). IONs have shown a promising ability 
to immobilise Bacillus subtilis cells without showing any negative effect on MK-7 
production and cell growth. This technology has also facilitated the in situ recovery 
of cells from the fermentation media with more than 95 % capture efficiency 
thereby reducing the number of bioprocess steps in MK-7 fermentation 
(Ebrahiminezhad et al., 2016b). Immobilisation of the cells is, therefore one of the 
techniques that is used to improve the productivity of bioreactors (Akay et al., 2005). 
However, as naked IONs have demonstrated antibacterial and bacteriostatic effects 
in a size and concentration-dependent manner (Arakha et al., 2015; Chatterjee et 
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al., 2011), use of IONs with appropriate coating in industrial fermentation would 
offer combined advantages of submerged fermentation and re-usability of 
immobilised bacterial cells as well as enhanced MK-7 production by enhancing 
membrane permeability and facilitating mass transfer, which is discussed in the 
following section. This would, in turn, minimise the production cost. 
 
Figure 7 Schematic representation of magnetic immobilisation and separation of bacterial 
cells using IONs. 
 
  Improving mass transfer and metabolic activity of Bacillus 
subtilis  
Maximising the MK-7 production while minimising the biofilm formation is a 
greater challenge in MK-7 fermentation. As MK-7 is a membrane-bound compound, 
changes in membrane-associated MK-7 production can be brought about by the 
modification in membrane structure/composition. In this regard, decoration of 
bacterial cells with biocompatible nanoparticles can be a promising approach for 
enhanced synthesis and secretion of MK-7, as the interaction of bacterial cells with 
nanoparticles can bring about changes in cell membrane permeability leading to 
improved mass transport and improved metabolic activity (Ansari et al., 2009; 
Ebrahiminezhad et al., 2016c). For example, in the process of biodesulfurization of 
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dibenzothiophene by the bacterium, Rhodococcus erythropolis, decoration of the 
bacterial cells with IONs (Fe3O4) has increased the dibenzothiophene 
desulfurization activity possibly by enhancing the membrane permeability and 
facilitating mass transfer (Ansari et al., 2009). Similarly, in a Bacillus subtilis natto 
fermentation system, bacterial cells decorated with L-lysine coated IONs has found 
to be beneficial to the MK-7 yield compared to non-decorated bacterial cells 
possibly through the same mechanism (Ebrahiminezhad et al., 2016c). Therefore, 
biocompatible and stable IONs can also be used to make the bacterial cells 
metabolically more efficient in MK-7 bioprocess.  
Considering the great demand for MK-7 and low MK-7 yield in bacterial 
fermentation, magnetic immobilisation of Bacillus subtilis cells can also be coupled 
with novel approaches such as milking of MK-7 from the fermentation medium for 
further enhancing the production of MK-7. Opportunities for a MK-7 milking 
process for enhancing productivity is discussed in the next section.  
 
 Milking MK-7 in Bacillus subtilis fermentation 
It has been recently reported that when bacterial cells are induced to excrete MK 
(MK-4) to the extracellular medium, the total MK production can be enhanced (Liu 
et al., 2014). Menaquinones have been found to inhibit two regulatory enzymes, 3-
deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase and shikimate 
kinase of shikimate biosynthesis pathway (Taguchi et al., 1991). Therefore, by 
inducing the cells to excrete the excessive MK extracellularly, the level can be kept 
below the level of feedback inhibition of DAHP synthase and shikimate kinase 
thereby leading to improved total MK concentrations (Liu et al., 2014).  
It has also been reported that changes in bacterial cell membrane can result in an 
increase in oxygen uptake rate/ electron transport activity (Fletcher, 1983) 
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reflecting an adoptive response from the bacteria (Dhiman et al., 2009; Ingram, 
1976) which can, in turn, enhance MK-7 biosynthesis (Farrand & Taber, 1973). 
Such changes in cell membrane surface components and increased bacterial 
respiration rate upon treatment with alcohols is reported by Fletcher (1983). In view 
of the above, induced synthesis and secretion of MK-7 by bacterial cell 
immobilisation using biocompatible nanoparticles and periodic removal of MK-7 
from the culture medium using biocompatible organic solvents can be a promising 
approach which would allow continuous and enhanced MK-7 production. In 
addition, periodic removal of MK-7 with biocompatible organic solvents without 
the need for disruption of the bacterial cells for MK-7 extraction would allow the 
bacterial cells to be reused for the production of MK-7. This method in which MK-7 
is periodically extracted from the bacterial cells using biocompatible organic 
solvents and reuse of bacterial biomass for MK-7 production is termed ‘milking’ of 
Bacillus subtilis and is proposed as a novel technique to enhance the total MK-7 
production. The term milking was used a par with the Milking of cows which 
essentially allows the biomass to be continuously reused for milk production, a 
principle previously used as a novel biotechnological process to milk products from 
organisms (Frenz et al., 1989; Hejazi et al., 2002; Hejazi et al., 2004; Hejazi & 
Wijffels, 2004; Sauer & Galinski, 1998). 
In the past, several approaches to enhance the MK-7 production has been attempted. 
However, no published data are available to date on minimising biofilm formation, 
maximising MK-7 production and at the same time reducing downstream 
processing steps which would improve the productivity of the system. This thesis 
provides insights on how best to address all these issues in order to improve the 
productivity of the system. 
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 Chemicals 
Yeast extract, peptone from soy meal, calcium chloride, urea, absolute ethanol for 
analysis, 2-propanol, n-hexane, crystal violet ACS reagent, ammonium hydroxide, 
n-butanol, diethyl ether, petroleum ether, chloroform, 25% (v/v) glutaraldehyde 
solution, sodium cacodylate trihydrate, acetic acid glacial, hydrochloric acid 37% 
(AR grade), were obtained from Merck (USA). K2HPO4 was purchased from 
Scharlab S.L (Spain) glycerol, ferrous sulphate (FeSO4.7H2O), ferric chloride 
(FeCl3.6H2O) were purchased from Ajax Finechem (New Zealand). Sodium 
chloride and skim milk were obtained from a domestic supplier. Lipase enzyme was 
obtained from Novozymes (Denmark). Pure MK-7 standard (97.6%) was purchased 
from Chromadex (USA) for calibration and HPLC analysis. LIVE/DEAD BacLight 
assay kit L7012 was purchased from Invitrogen™, Molecular Probes Inc. Nutrient 
agar plates were obtained from Fort Richard Laboratories, New Zealand. 
 
 Bacterial culture 
Bacillus subtilis (ATCC 6633), Bacillus spheriucs (NZRM 4381), Bacillus 
licheniformes (ATCC 9789) were obtained from the New Zealand reference culture 




 Synthesis of naked iron oxide nanoparticles 
IONs were synthesised by co-precipitation of ferric and ferrous ions with 
ammonium hydroxide under a nitrogen atmosphere as described in Ebrahiminezhad 
et al. (2016b). Briefly, FeSO4.7H2O (0.74 g, 2.2 mmol) and FeCl3.6H2O (1.17 g, 
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3.8 mmol) were dissolved in distilled water (50 mL) and the solution was 
vigorously stirred at 70°C under a nitrogen atmosphere. After 1 hour, ammonium 
hydroxide solution (5 mL) was injected rapidly into the mixture while stirring was 
continued. After 1 hour the resultant black precipitate was separated by 
centrifugation, washed with boiled distilled water, oven dried at 50°C overnight and 
stored under inert atmosphere (Figure 8 ). 
 
 
Figure 8 Reactor for the synthesis of superparamagnetic iron oxide nanoparticles. 
 
 Synthesis of APTES coated iron oxide nanoparticles 
APTES coating was carried out as described in Ebrahiminezhad et al. (2015). 
Naked ION particles (0.7 g) were dissolved in ethanol: water, (1:1, v/v, 25 mL) and 
sonicated for 10 minutes to get a uniform dispersion while cooling in an ice bath. 
APTES solution (2.8 mL) was injected into the particle dispersion under an N2 
atmosphere while maintaining the temperature of the water bath at 40°C. The 
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reaction mixture was stirred for 2 hours at 40°C. Finally, the resulting particles were 
precipitated by centrifugation and washed with absolute ethanol and deionised 
water and oven dried at 50°C overnight (Figure 9). 
 
Figure 9 Depiction of IONs@APTES synthesis.  
APTES facilitate surface functionalisation of Fe3O4 nanoparticles with -NH2 groups  
 
 Characterisation of iron oxide nanoparticles 
 Transmission electron microscopy (TEM) 
Particle size distribution and morphology of synthesised nanoparticles were studied 
by transmission electron microscopy (TEM) as described previously 
(Ebrahiminezhad et al., 2012b). A drop of nanoparticle dispersion (100 μgmL−1 
distilled water) was dripped on a carbon-coated copper grid and images of naked 
IONs and IONs@APTES were taken on a Philips, CM 10; TEM, operated at HT 
100 Kv (Philips Electron Optics, Eindhoven, Netherlands). 
 
 Fourier transformed infrared spectroscopy (FTIR) 
Fourier transform infrared (FTIR) spectra were obtained using a Bruker, Vertex 70, 
FTIR spectrometer Bruker, Kassel, Germany, in the range of 4000 to 400 cm- 1. For 
analysis KBr discs containing 1.5 mg sample and 15 mg of KBr were prepared 
(Ebrahiminezhad et al., 2012b). Prior to making the KBR disc for infrared analysis, 
it was ensured that both the sample and KBr were dry. Sample and KBr were ground 
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in a mortar to form a fine homogenous powder. A compressed KBr disc was 
prepared using the SPECAC press. 
 
 X-ray powder diffraction (XRD) 
X-Ray powder diffraction patterns were obtained using a Siemens D5000 Vibrating 
sample magnetometer with 2-Theta ranging between 20° and 90° after the ground 
sample was packed on a sample holder. Operating conditions include 0.0530° step 
size, 45 kV voltage, and a 40 mA current (Ebrahiminezhad et al., 2012b).  
 
 Vibrating sample magnetometer (VSM) analysis 
Magnetisation measurements were performed on a known volume of randomly 
dispersed set of magnetic colloid using a vibrating sample magnetometer (VSM) 
(Meghnatis Daghigh Kavir Co., Iran) at room temperature in an applied magnetic 
field sweeping between ± 10000 Oe  (Ebrahiminezhad et al., 2012b). 
 
 Analysis of nanoparticle size 
Nanoparticle size analyses were carried out from the corresponding TEM images 
using ImageJ software version 1.47v, an image analysis software developed by the 
NIH (http://imagejnihgov/ij/). Particle size and size distribution of 100 particles of 
IONs@APTES and naked IONs taken randomly were analysed (Ebrahiminezhad 
et al., 2012a). 
 
 The revival of freeze-dried cultures of bacteria and preparation 
of a stock solution 
The outer surface of the ampoule was cleaned with 70% (v/v) ethanol and allowed 
to dry. The freeze-dried material was loosened from the glass by tapping the 
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ampoule gently on the bench. The ampoule was opened by scoring just above the 
cotton plug with a scissor. The opening of the ampoule was flamed and the cotton 
plug was removed with forceps. Fifty microlitres of 2% (w/v) Luria Bertani (LB) 
was poured into the ampoule and was stirred gently. The content was poured into 
250 mL of LB in a shake flask and was incubated for 24 hours at 35°C with shaking 
at 100 rpm. This culture was taken as inoculum for plate cultures described in 
section 3.3.5.  
In order to prepare stock cultures, the bacterial culture was centrifuged (3000 rpm, 
10 minutes) in sterile 50 mL tubes and the cells were separated. Autoclaved glycerol 
(30%, v/v) and skim milk (70%, v/v) were added to the tubes and the tubes were 
kept in the refrigerator (20 minutes) and in the freezer (-20°C, 24 hours) and stored 
at -80°C until used. 
 
 Microorganism inoculum preparation 
Bacillus subtilis (ATCC 6633) Bacillus licheniformes (ATCC 9789), 
Bacillus sphericus (NZRM 4381) cells were cultured on nutrient agar plates by 
spreading 100 µL of culture from the stock culture on the plates with an inoculation 
loop and incubating for 4 days at 37°C. Bacillus subtilis natto cells were grown in 
Luria-Bertani medium for 24 hours before streaking on nutrient agar plates and 
incubated at 37°C for 4 days for aseptic spore genesis. Plates were scraped after 4 
days and a spore suspension was prepared by suspending the cells in 0.9% (w/v) 
sodium chloride solution and heating for 30 minutes at 80°C to inactivate the 
vegetative cells and produce spores. After removing the cell debris by 
centrifugation at 3,000 rpm a standard spore solution was obtained (Berenjian et al., 
2011). The optical density of the spore solution was measured with a UV 
spectrophotometer (UV-1700 PharmaSpec Shimadzu, Japan) at 600 nm.  
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 Immobilisation of Bacillus subtilis (ATCC 6633) cells with naked 
and IONs@APTES 
Naked IONs and IONs@APTES were dissolved in 2% (w/v) LB medium to obtain 
a stock solution of 105 g/mL and sonicated to get a uniform distribution. The stock 
solution was used to prepare the desired IONs@APTES (100-400 µg/mL). Bacillus 
subtilis cells were grown in 2% (w/v) LB medium up to a turbidity of BaSO4 0.5 
McFarland standard (OD 600 =0.1). McFarland suspension (0.5) was diluted 1:20 
with fresh media according to the Clinical Laboratory Standards (Clinical and 
Laboratory Standards Institute, 2009) and mixed with nanoparticles to get the 
desired concentration (100-400 µg/mL) and incubated for 60 hours at 37°C with 
shaking at 120 rpm. Cultures without IONs served as controls. All experiments 
were conducted in triplicate. (Ebrahiminezhad et al., 2012a). 
 BaSO4 0.5 McFarland standard is the turbidity standard for inoculum preparation 
according to the Clinical and Laboratory Standards Institute. McFarland standards 
are prepared by adding barium chloride to sulphuric acid in order to obtain a BaSO4 
precipitate and used to standardize the quantity of bacteria in a liquid suspension. 
Turbidity of the bacterial suspension is visually comparted with the turbidity of the 
McFarland standard and the bacteria are grown until it matches the standard.  This 
protocol eliminates the incubation requirement to estimate the number of bacteria 
as in plate counting. 
 
 Scanning Electron Microscopy (SEM) analysis 
Bacterial cultures (Bacillus subtilis ATCC 6633) were grown for 60 hours in the 
presence of varying concentrations of IONs@APTES, naked IONs and in the 
absence of nanoparticles as described in section 3.3.6. Air dried bacterial smear was 
heat fixed by passing through the flame of a Bunsen burner and fixed with 2.5% 
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(v/v) glutaraldehyde in 0.1M sodium cacodylate buffer with four changes over 30 
minutes. Slides were rinsed with normal saline four times over 30 minutes and the 
cells were dehydrated through a series of alcohol concentrations (50%, 75%, and 
95%, v/v) for one hour in each solution and four changes in absolute ethanol for 
20 minutes (Kathi & Khan, 2013). Specimens were subjected to critical point 
drying (PoloronTM) and the samples were then mounted on aluminium stubs and 
coated with platinum before examining with a Scanning Electron Microscope 
(Hitachi S-4700). 
Glutaraldehyde (2.5%, v/v) was made by mixing one part of 25% (v/v) 
glutaraldehyde with nine parts of sodium cacodylate buffer. Sodium cacodylate 
buffer (0.1M) was prepared by dissolving of sodium cacodylate (21.41 g) in 
distilled water (900 mL), adding HCl (8 mL, 1N) and making up to 1000 mL with 
distilled water. 
 
 Confocal Laser Scanning Microscopy (CLSM) analysis 
Biofilms were grown as described previously in 2% (w/v) LB in the presence of 
100 µg/mL of IONs@APTES and in the absence of nanoparticles for 60 hours. 
Thereafter, biofilms were washed twice with 0.9% (w/v) NaCl and were stained 
with LIVE/DEAD staining. Stained biofilms were gently rinsed with 0.9% (w/v) 
NaCl. Two independent biofilms were prepared for each condition. Biofilms were 
observed using a 60 x oil immersion objective (60 x/1.35 O) and images were 
acquired in an Olympus FluoView FV1000 (Olympus, Lisboa, Portugal) confocal 
laser microscope. Maximum biofilm thickness was determined after calculating the 
thickness of 20 different regions from biofilms grown under each condition as 
described before (Cerca et al., 2012).  
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 Measurement of biofilm 
Biofilm formation was evaluated using two methodologies: Crystal violet staining 
method (CVSM) (O'Toole et al., 2000) and biomass of Bacillus subtilis (ATCC 
6633) pellicle by weight (g).  
 
 Crystal violet staining method (CVSM) 
In order to test the effect of IONs@APTES and naked IONs on biofilm formation 
Bacillus subtilis (ATCCC 6633) spores were grown up to BaSO4 0.5 McFarland 
standard in 2% (w/v) LB. McFarland suspension (0.5) was diluted 1:20 with fresh 
media according to the Clinical Laboratory Standards (Clinical and Laboratory 
Standards Institute, 2009) and mixed with NPs to get the desired concentration 
(100-400 µg/mL) and incubated at 37°C with shaking at 120 rpm for 60 hours. 
Cultures without NPs served as controls.  
Biofilms were measured at OD 550 after staining with 0.05% (w/v) crystal violet as 
described in Robertson et al. (2013). Each tube was washed with distilled water 
several times and then immersed in 0.05% (w/v) crystal violet solution for 20 
minutes. Stained biofilm was rinsed with water and dried. The resulting stained 
biofilm was immersed in 30% (v/v) glacial acetic acid solution for 20 minutes to 
extract the pigments. Titres (125 µL) from each well were transferred to a new 
microtitre plate and the level (OD) of the crystal violet present in the destaining 
solution was measured at 550 nm using 30% (v/v) acetic solution as a blank using 
MultiskanTM Go microplate spectrophotometer (Thermo scientific). Experiments 
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 Biofilm biomass assay 
Bacillus subtilis (ATCC 6633) cultured in 5% (w/v) yeast extract, 18.9% (w/v) soy 
peptone, 5% (w/v) glycerol and 0.06% (w/v) K2HPO4 were immobilised as 
described in section 3.3.6. Pellicles were harvested and dried in an oven for five 
hours at 40°C to constant weight before ( 5 hours) measuring the dry weight. The 
dry weight was taken using a 5-figure balance. Experiments were conducted in 
triplicate. The assay was based on pellicle weight assay as described in Beauregard 
et al. (2013). 
 
 Comparison of Bacillus subtilis (ATCC 6633) cell growth in the 
presence of naked IONs and IONs@APTES 
In order to compare the effect of IONs@APTES and naked IONs on the growth of 
Bacillus subtilis (ATCC 6633), spores of Bacillus subtilis (ATCC 6633) were 
grown up to BaSO4 0.5 McFarland standard in 2% (w/v) LB. McFarland suspension 
(0.5) was diluted 1:20 with fresh media according to the Clinical Laboratory 
Standards (Clinical and Laboratory Standards Institute, 2009) and incubated at 
37°C with shaking at 120 rpm for 60 hours with varying concentrations of 
nanoparticles (100-400 µg/mL). Growth was measured at OD 600 nm 
(Ebrahiminezhad et al., 2012a). Bacillus subtilis cultures without nanoparticles 
served as controls. Experiments were conducted in triplicate. 
 
 Live/dead viability assay 
Bacterial cultures were grown in the presence of different concentrations of 
IONs@APTES (100-400 µg/mL) and naked IONs (100-400 µg/mL) for 60 hours 
as described in section 3.3.6. To reduce background staining bacterial cell pellets 
were washed with 0.9% (w/v) NaCl before staining with the LIVE/DEAD BacLight 
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assay kit L7012 (Invitrogen™, Molecular Probes Inc.) according to the 
manufacturer’s protocol. Briefly, a combined reagent mixture of component A and 
component B was prepared by adding 30 µl of Component A to 30 µl of Component 
B. The amount of the dye solution applied to each sample for staining was 1/100 of 
the sample volume. The mixture was pipetted up and down for several minutes and 
incubated at room temperature in the dark for 15 minutes. Fluorescence intensity 
was measured at a wavelength centred at 530 nm (emission 1: green) for each well 
and with the excitation wavelength still centred at about 485 nm, fluorescence 
intensity was measured at a wavelength centred at 630 nm (emission 2: red). The 
ratio between Green/Red was calculated by dividing the fluorescence intensities at 
emission 1 by emission 2.  
 
 Epifluorescence microscopic analysis 
Bacterial cultures (Bacillus subtilis ATCC 6633) were grown for 60 hours as 
described in section 3.3.6 and were stained with LIVE/DEAD BacLight stain before 
being subjected to fluorescence microscopy with a Leica DMRE epifluorescence 
microscope fitted with Plan Fluotar objectives and a mercury arc lamp. For blue 
excitation, a Leica I 3 filter set (excitation filter BP450-490 nm), a dichroic mirror 
(510 nm) and suppression filter LP 515 nm were used. For green excitation BP 
515- 560 filter set, a dichroic mirror (580 nm) and a suppression filter LP 590 were 
used (Leica Microsystems, n.d.).  
 
 MK-7 extraction  
The procedures for MK-7 extraction and sample purification were modified from 
previously described methods for quantifying K vitamins (Lambert 1992). 
Enzymatic hydrolysis of lipids was carried out before extraction by adding 1% (w/v) 
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lipase powder to the sample (3 mL), vortex mixing and incubating at 37°C for 45 
minutes in a water bath. A mixture of ethanol: water (4:2, v/v) was added to the 
reaction mixture to denature proteins before extraction with a mixture of 2-propanol: 
n-hexane (volume ratio of media: 2- propanol: n-hexane was 3:2:1) by vigorously 
vortex-mixing for 1 minute. After vortexing, the mixture was centrifuged for 10 
minutes at 3000 rpm and the upper hexane layer was separated into a new vial. One 
part of the upper n-hexane layer was mixed with two parts of 2-propanol (v/v) for 
HPLC analysis. Exposure to direct light was avoided during extraction to prevent 
the photolysis of MK-7. 
 
 Preparation of MK-7 standard 
MK-7 standard (10 mg) (Chromadex) was measured and dissolved in a mixture of 
2-propanol: n-hexane (2:1, v/v, 50 mL) in an “A” grade volumetric flask. Standards 
were stored at -20°C in the dark.  
 
 High-performance liquid chromatography (HPLC) 
The high-performance liquid chromatography (HPLC) system was comprised of a 
Waters 2996 photodiode array detector (PDA), Rheodyne 7725i manual sample 
injector and two Waters 515 HPLC pumps (Waters, Co.UK). A Phenomenex 
Gemini C 18 column, 250 mm x 4.6 mm, ID 5 µm fitted with a security guard 
(Phenomenex) was used for separation and eluted with 2-propanol and n-hexane 
(2:1, v/v) at 0.5 ml/min. A 20 µl sample loop was used and the detection was carried 
out from 200-400 nm and the chromatogram was extracted at a wavelength of 248 
nm. The concentration was calculated by peak area, using a standard curve from a 
serial dilution of a 200 µg/mL standard solution of MK-7 (Chromadex). A serial 
dilution approach was taken instead of making the separate standard solutions as it 
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needs a lot of MK-7 as starting material. Care was taken, however, when preparing 
serial dilutions to avoid an error propagating across succeeding standards. Waters 
Empower TM chromatography software was used to control the system  
 
 Development and validation of HPLC method 
 Linearity 
Linearity was determined by serial dilution of MK-7 standard to concentrations 
ranging from 200 µg/mL to 0.37 µg/mL (200, 100, 50, 25, 12.5, 6.25, 3.13, 1.56, 
0.78, and 0.37 µg/mL) in 2-propanol: n-hexane (2:1, v/v). Analyses were repeated 
in triplicate (Shabir, 2005). The average peak areas were plotted against 
concentrations. The linearity of the proposed method was evaluated by using a 
calibration curve to calculate the coefficient of determination. 
 
 Accuracy/recovery 
The accuracy of the analytical method was expressed by calculating the percent 
recovery (% R.S.D) of MK-7. The accuracy was evaluated by spiking a known 
amount of MK-7 (50 µg, 100 µg and 150 µg) to an aliquot of the sample which was 
conducted in four successive analysis (n = 4) (Kayesh et al., 2013). Another aliquot 
of the same sample was analysed without spiking. Both samples were processed 
through the entire extraction and HPLC procedure. Percent recovery was calculated 
as follows: 
Percent recovery of MK-7 =
Mass of spike recovered
Mass of spike added
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 Precision/reproducibility 
In the current method development and validation protocol, the chromatographic 
precision was determined by five replicate injections each day at the concentration 
of 150 µg/mL of the standard MK-7 solution on 3 days and expressed as R.S.D % 
amongst responses using the formula (Kayesh et al., 2013).  
R. S. D (%) =
Standard deviation
Mean
 ×  100               (4) 
 HPLC Limit of Detection and Limit of Quantification test procedure 
Limit of Detection (LOD) and Limit of Quantification (LOQ) were calculated from 
the standard deviation of the blank as described in (Shabir, 2005) using the 
following formula 
LOQ or LOD =
F
b 
 ×  S               (5)  
 
F = Factor of 3.3 and10 for LOD and LOQ respectively 
SD = Standard deviation of the blank 
b= Slope of the regression line 
Estimated limits were verified by analysing 6 samples containing the analyte at the 
corresponding concentrations. 
 
 Analysis of MK-7 from bacterial extracts 
Spores of Bacillus subtilis (ATCC 6633), Bacillus subtilis natto, B. sphericus and 
B. licheniformes were grown up to a turbidity of BaSO4 0.5 McFarland standard 
(OD600  nm  = 0.1). The McFarland suspension (0.5) was diluted 1:20 according to 
the Clinical Laboratory Standards (Clinical and Laboratory Standards Institute, 
2009). Liquid state fermentation was carried out in medium consisted of 5% (w/v) 
yeast extract, 18.9% (w/v) soy peptone, 5% (w/v) glycerol, and 0.06% (w/v) 
K2HPO4. Cultures were grown at 37°C at 120 rpm for 60 hours before extraction of 
MK-7. Accordingly, MK-7 was extracted as described in section 3.3.13 and 
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analysed by high-performance liquid chromatography as described in section 3.3.15. 
 
 Analysis of MK-7 production by Bacillus subtilis (ATCC 6633) in 
the presence of IONs@APTES 
Spores of Bacillus subtilis (ATCC 6633) were grown up to BaSO4 0.5 McFarland 
standard (OD600 nm = 0.1) in 2% (w/v) LB. McFarland suspension (0.5) was diluted 
1:20 with fresh media according to the Clinical Laboratory Standards (Clinical and 
Laboratory Standards Institute, 2009) and mixed with varying concentration of 
IONs@APTES (100-700 µg/mL) in 30 mL universals glass vials and incubated at 
37°C with shaking at 120 rpm for 60 hours. Liquid state fermentation was carried 
out in a medium consisted of 5% (w/v) yeast extract, 18.9% (w/v) soy peptone, 5% 
(w/v) glycerol and 0.06% (w/v) K2HPO4. MK-7 was extracted by the method 
described in section 3.3.13 and MK-7 concentration was determined by the method 
described in section 3.3.15. Growth was measured by the optical density at 600 nm. 




               (6) 
 
 Time course of Bacillus subtilis fermentation in the presence of 
IONs@APTES 
Spores of Bacillus subtilis (ATCC 6633) were grown up to BaSO4 0.5 McFarland 
standard in 2% (w/v) LB. McFarland suspension (0.5) was diluted 1:20 with fresh 
media according to the Clinical Laboratory Standards (Clinical and Laboratory 
Standards Institute, 2009) and grown in the M1 medium consisting of 5% (w/v) 
yeast extract, 18.9% (w/v) soy peptone, 5% (w/v) glycerol, 0.06% (w/v) K2HPO4 
and 200 µg/mL of IONs@APTES in 30 mL universal glass vials. Cultures were 
incubated at 37°C with shaking at 120 rpm for 120 hours. Cell growth, pH, biofilm 
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biomass and MK-7 production were analysed at 12, 24, 36, 48, 60, 72, 84, 108 and 
120 hours. Cell growth was measured by the optical density at 600 nm. The pH of 
the solution was measured by a pH meter. Biofilm biomass was measured by the 
method described previously in section 3.3.9.2. Extraction and analysis of MK-7 
were carried out by the methods described in section 3.3.13 and 3.3.15 respectively. 
All experiments were carried out in triplicate.  
 
 Statistical analysis 
The significant difference among the samples was determined through analysis of 
variance (ANOVA), using IBM SPSS statistics 24, with Dunnet’s multiple 
comparison test to determine the statistical significance between each sample and 
control. When only two groups were compared, student’s t-test was used to identify 
the statistically significant difference between the two groups. Mean values were 
considered significantly different at p < 0.05. 
 
 Experimental design for screening nutrient components which 
affect biofilm formation and MK-7 production 
A full factorial design was used to study the individual and interactive effects of the 
potent factors on biofilm formation and MK-7 production. Sodium chloride, 
calcium chloride and urea were selected as potent factors. In all experiments, the 
growth medium consisted of 5% (w/v) yeast extract, 18.9% (w/v) soy peptone, 5% 
(w/v) glycerol and 0.06% (w/v) K2HPO4, which is the optimum medium previously 
described by Berenjian et al. (2011) for MK-7 production. 
Bacillus subtilis (ATCC 6633) were grown up to BaSO4 0.5 McFarland standard 
(OD600  nm=0.1). McFarland suspension (0.5) was diluted 1:20 with fresh media and 
supplemented with varying concentrations of salts (NaCl and CaCl2) and urea 
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according to the full factorial design. Cultures were grown at 37°C at 120 rpm for 
60 hours before screening for MK-7 production and biofilm biomass. 
 
 Response surface optimisation of nutrient components 
Response surface optimisation was conducted by a Central Composite Face design 
(CCD) implemented in MODDE software version 11 (UMetrics). Experimental 
conditions for the CCD are given in Table 8. 
 
 Time course of Bacillus subtilis fermentation in the presence of 
CaCl2 and urea 
McFarland suspensions of Bacillus subtilis (ATCC 6633) were prepared as 
described previously and incubated at 37°C and shaking at 120 rpm for 120 hours. 
In all experiments the growth medium consisted of 5% (w/v) yeast extract, 18.9% 
(w/v) soy peptone, 5% (w/v) glycerol, 0.06% (w/v) K2HPO4, 0.32% (w/v) CaCl2 and 
0.10% (w/v) urea. This medium is designated as M2. Cell growth, pH, biofilm 
biomass and MK-7 production were analysed as described previously at 12, 24, 36, 
48, 60, 72, 84, 108 and 120 hours. 
 
 Time course of Bacillus subtilis fermentation in the presence of 
CaCl2, urea and IONs@APTES 
McFarland suspensions of Bacillus subtilis were prepared as described previously 
and incubated at 37°C and shaking at 120 rpm for 120 hours. In all experiments the 
growth medium consisted of 5% (w/v) yeast extract, 18.9% (w/v) soy peptone, 5% 
(w/v) glycerol, 0.06% (w/v) K2HPO4, 0.32% (w/v) CaCl2, 0.10% (w/v) urea and 
200 µg/mL IONs@APTES. This medium is designated as M3. Cell growth, pH 
biofilm biomass and MK-7 production were analysed at 12, 24, 36, 48, 60, 72, 84, 
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108, and 120 hours as described previously. 
 
 Growth and milking of MK-7 from Bacillus subtilis (ATCC 6633) 
cultures 
Bacillus subtilis (ATCC 6633) cells were grown to BaSO4 0.5 McFarland standard 
(OD600 nm=0.1) McFarland dilutions (1:20) were grown for 40 hours before milking 
of MK-7 with organic solvents followed by incubation of the cultures at 37°C with 
shaking (120 rpm) and periodic extraction of MK-7 at 40, 48, 60, 72 and 84 hours. 
Fermentation media consisted of 5% (w/v) yeast extract, 18.9% (w/v) soy peptone, 
5% (w/v) glycerol, 0.06% (w/v) K2HPO4, 0.32 % (w/v) CaCl2, 0.1% (w/v) urea and 
200 µg/mL IONs@APTES. 
To investigate the effect of milking on MK-7 production, n-hexane and a mixture 
of n-butanol: n-hexane (1:2, v/v) were used as organic solvents. Milking of MK-7 
from the fermentation medium was carried out by the addition of organic 
solvent/solvent mixture followed by vortex mixing for 1 minute and centrifuging 
twice at l000 rpm for 5 minutes for phase separation. The volume ratio of aqueous 
to organic was 1:1. To determine MK-7 in the organic phase, the upper organic 
phase was separated and evaporated to dryness under nitrogen gas and re-dissolved 
in a mixture of 2-propanol: n-hexane (2:1, v/v). MK-7 was analysed by the method 
described in section 3.3.15.  
In the aqueous phase, MK-7 was extracted by the method described previously 
in 3.3.13 and analysed by HPLC as described in section 3.3.15. 
Bacillus subtilis cultures grown under non-milking conditions served as control 
samples. McFarland dilutions (1:20) were grown for 40, 48, 60, 72 and 84 hours. 
At each time interval, MK-7 in control samples were determined in the same 
manner as MK-7 in the aqueous phase. All experiments were conducted in triplicate. 
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 Measurement of bacterial cell viability upon milking with organic 
solvents 
To assess the organic solvent tolerance of Bacillus subtilis (ATCC 6633), cells were 
grown to BaSO4 0.5 McFarland standard. McFarland suspension (0.5) was diluted 
with fresh media (1:20). Cultures were grown for 40 hours and were treated (milked) 
with MK-7 extraction solvents listed in Table 13 and Table 14 by vortex mixing for 
1 minute and centrifuging twice at l000 rpm for 5 minutes for phase separation, 
followed by removal of the supernatant. The change in the viability of the bacterial 
cells was assessed before and after organic solvent treatment using the LIVE/DEAD 
assay described in section 3.3.11. All experiments were conducted in triplicate. 
Bacillus subtilis (ATCC 6633) cultures grown under non-milking conditions served 
as control samples. 
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 Introduction 
In successful immobilisation of Bacillus subtilis in industrial MK-7 production, the 
use of IONs with appropriate size, shape, concentration and surface functional 
molecules is of importance to preserve the integrity and viability of Bacillus subtilis, 
while achieving a high immobilisation efficiency. The most common method for 
the synthesis of superparamagnetic iron oxide nanoparticles is aqueous 
co-precipitation due to the simplicity of the synthesis and the possibility to obtain 
large quantities of NPs. This method was first reported by Welo and Baudisch 
(1925). Naked IONs, are however, recorded to aggregate to micron size clusters in 
suspension due to attractive Vander Waals (dispersion) forces and this minimises 
the total surface or interfacial energy (Dias et al., 2011). Particle agglomeration can 
affect the level of toxicity exerted by IONs on Bacillus subtilis, since it changes the 
size, shape and the sedimentation properties of IONs (Chatterjee et al., 2011). 
Therefore, post-synthesis modifications of naked IONs are sometimes necessary. It 
is believed that coating of naked IONs with 3-aminopropyltriethoxysilane (APTES) 
would protect the magnetic core against oxidation and would maintain the magnetic 
property of IONs (Mahmoudi et al., 2011). Further, it is believed that APTES 
coating would sterically stabilise the IONs that would render the particles to be 
well-dispersed (Tiraferri et al., 2008), which would be useful in industrial MK-7 
production. In this regard, in the present work, IONs were first prepared via 
chemical co-precipitation and subsequently coated with APTES. Then the structure 
and magnetic properties of synthesised naked IONs and APTES coated iron oxide 
nanoparticles were investigated using transmission electron microscopy (TEM), 
Fourier transformed infrared spectroscopy (FTIR), X-ray powder diffraction (XRD) 
and vibrating sample magnetometry (VSM).  
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 Results 
 Synthesis of naked and APTES coated iron oxide nanoparticles 
Naked IONs were synthesised by the chemical co-precipitation method described 
in section 3.3.1 and subsequently coated with APTES as elaborated previously in 
section 3.3.2.  
 
 
Figure 10 Synthesised IONs@APTES showing magnetic properties in the presence of an 
external magnetic field. 
 
Chemical co-precipitation resulted in a black precipitate of naked IONs which was 
separated magnetically and washed with distilled water. The synthesised naked 
IONs were subsequently coated with APTES. The resultant black precipitate 
responded well to a permanent magnet indicating good magnetic properties in the 
presence of an external magnetic field (Figure 10).  
 
 Characterisation of naked and APTES coated iron oxide 
nanoparticles 
Characterisation of synthesised IONs (naked IONs and IONs@APTES) was carried 
out using transmission electron microscopy (TEM), Fourier transform infrared 
spectroscopy (FTIR), and X-Ray powder diffraction (XRD). Magnetisation 
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 Transmission electron microscopy  
The morphology, sizes and the distribution of IONs were determined by TEM by 
randomly measuring the diameter of 100 particles.  
 
Figure 11 Transmission electron micrograph (a) and particle size histogram (b) of naked 
IONs. 
 
TEM analysis of naked IONs revealed the production of fairly uniform spherical 
particles (Figure 11-a) with particle size distribution of naked IONs ranging from 




Figure 12 Transmission electron micrograph (a) and particle size histogram (b) of 
IONs@APTES. 
 
TEM analysis of IONs@APTES also revealed the production of fairly uniform 
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ranging from 4.451 to 17.356 nm and an average size of 10.33 ± 3.9 nm (Figure 
12-b).  
 
 Fourier Transform Infrared spectroscopy  
In order to find proof for amine functionalisation, FTIR analysis of naked IONs and 
IONs@APTES was carried out (Figure 13). 
 
Figure 13 Fourier transform infrared spectroscopy (FTIR) spectra of naked IONs (a) and 
IONs@APTES (b). 
 
According to FTIR analysis, the Fe-O characteristic peaks of IONs@APTES and 
naked IONs appeared at ~640 cm-1. In IONs@APTES, the Si-O bond stretching 
vibration appeared at 1032.64 cm−1. Stretching vibrations of –OH groups appeared 
at ~3400 cm -1 as a broad, characteristic peak, and O-H bending resulted in a peak 
at ~1630 cm -1. In IONs@APTES, peak at 3441.24 cm-1, corresponds to free amino 
groups on the IONs@APTES which can be overlapped by O-H stretching 
vibrations.  The peaks at 2910 and 2850 cm -1 correspond to the asymmetric and 
symmetric –C-H stretching vibrations and are indicative of the presence of aliphatic 
–CH2 groups.  
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 Vibrating sample magnetometer  
A vibrating sample magnetometer was employed to determine the magnetisation 
strength of NPs, and saturation magnetisation analysis results are presented in 
Figure 14. 
Figure 14 Vibrating sample magnetometer (VSM) diagrams of naked IONs (a) and 
IONs@APTES (b). 
 
According to the VSM measurements, no hysteresis was seen and magnetisation 
curves were completely reversible demonstrating the superparamagnetic behaviour 
of the particles. The saturation magnetisation (Ms) values were found to be 
60 emu/g for both naked IONs and IONs@APTES.  
 
 X-Ray powder diffraction 
Powder X-ray diffraction (XRD) studies were performed between 20° and 90° with 
a Siemens D5000 vibrating sample magnetometer.  
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Figure 15 X-ray powder diffraction patterns of naked IONs (a) and IONs@APTES (b). 
 
X-ray powder diffraction patterns of the nanoparticles showed intensity peaks at 2θ 
degrees of 30°, 35.5°, 43°, 54°, 57° and 63° for both naked IONs and IONs@APTES 
(Figure 15).   
 
 Discussion 
Preparation of surface functionalised IONs has been regarded as a great challenge; 
however, here we report the synthesis of superparamagnetic Fe3O4 NPs with high 
magnetisation, smaller size and fairly narrow size distribution. Preparation of 
nanoparticles in this study with chemical co-precipitation method was a simple 
operation. Naked IONs were prepared by chemical co-precipitation and were 
subsequently coated with 3-aminopropyltriethoxysilane (APTES) in order to 
improve the biocompatibility of magnetic IONs, reduce aggregation and reduce 
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toxicity. Although the co-precipitation method generally results in a wide range of 
particle size distribution (Dias et al., 2011), making them non-ideal for many 
applications, the synthesised Fe3O4 nanoparticles by co-precipitation by addition of 
NH4OH to an aqueous solution of Fe
2+/Fe3+ in 1:2 stoichiometry under inert 
atmosphere were of fairly uniform and narrow size distribution with an average size 
of 10.37 ± 3.6 nm. This is in agreement with the average diameters typically 
reported by the chemical co-precipitation method which is below 50 nm (Reddy et 
al., 2012). The mean diameter of synthesised IONs@APTES was 10.33 ± 3.9 nm. 
According to the results of the present study, the average size of both naked and 
IONs@APTES were more or less the same. Sundar et al. (2014) record an increase 
in the size of naked IONs upon coating with APTES while Ebrahiminezhad et al. 
(2015) report no size difference upon coating with 3-aminopropyltriethoxysilane. 
An average size less than 11 nm for both naked and IONs@APTES would, 
however, enable their better interaction with Bacillus subtilis cells.  
Any biological application of magnetic nanoparticles requires that these 
nanoparticles having a high magnetisation value and a smaller size. Based on 
theoretical calculations, the critical particle size of ferromagnetism of magnetite is 
said to be ca. 25 nm and a decrease in saturation magnetisation is reported when 
there is a decrease in particle size of magnetite below 25 nm thereby particles 
becoming superparamagnetic (Dorniani et al., 2014; Lee et al., 1996; Sato et al., 
1987). The magnetite particles synthesised in this study was less than 25 nm and 
therefore they are expected to be superparamagnetic. This was evident from the 
VSM measurements, where no hysteresis was seen and magnetisation curves were 
completely reversible demonstrating the superparamagnetic behaviour of both 
naked and IONs@APTES. In this study, coating of IONs with APTES did not affect 
the magnetic properties of iron oxide nanoparticles in agreement with the previous 
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studies (Can et al., 2009; Ebrahiminezhad et al., 2015). The saturation 
magnetisation values were found to be 60 emu/g for both naked IONs and 
IONs@APTES which were lower than that of bulk magnetic particles (92 emu/g) 
(Sato et al., 1987). Some studies, however, record a small decrease in the saturation 
magnetisation value when IONs are coated with APTES. For example, Sundar et 
al. (2014) record 56 and 50 emu/g of saturation magnetisation for naked and 
IONs@APTES, respectively. Similar reduction in saturation magnetisation upon 
coating of IONs have been reported by few other studies (Ebrahiminezhad et al., 
2012b; Huang et al., 2010b; Shen et al., 2004). The reduction in magnetic saturation 
values are thought to be caused by surface characteristics of nanoparticles, such as 
the formation of a magnetically inactive layer on the nanoparticle surface (Sato et 
al., 1987). It has been reported that some of the surface coatings of IONs can 
contribute as a non-magnetic mass to the total sample volume thereby reducing the 
saturation magnetisation (Can et al., 2009; Ebrahiminezhad et al., 2012b; Huang et 
al., 2010b). The degree of the decrease in saturation magnetisation has been related 
to the density, thickness or the intensity of the inactive layer, with high intensities 
leading to more reduction in saturation magnetisation (Ebrahiminezhad et al., 
2012b; Sato et al., 1987).  
X-Ray powder diffraction patterns of naked IONs and IONs@APTES were in 
agreement with characteristic features of the magnetite showing pure cubic 
structure (Joint Committee on Powder Diffraction Standards database PDF No. 65-
3107) (Ebrahiminezhad et al., 2012b; Grumezescu et al., 2014; Si et al., 2004) with 
intensity peaks appearing at 2θ degrees of 30°, 35.5°, 43°, 54°, 57° and 63°, indicating 
the presence of predominantly Fe3O4. The presence of intensity peaks at 2θ degrees 
30°, 35.5°, 43°, 54°, 57° and 63° in the X-ray powder diffraction pattern of 
IONs@APTES revealed that the surface coating with APTES did not affect the 
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crystal structures of magnetite.  
FTIR spectroscopy provides valuable information regarding surface modifications 
of IONs. As shown in Figure 13-a and 13-b, Fe-O stretching vibrations at 
~ 640  cm – 1 for naked IONs and IONs@APTES, O-H stretching vibrations at 
~  3400 cm-1 and O-H deformed vibrations ~ 1630 cm-1 for both naked and 
IONs@APTES, suggest that O-H groups coat on the surface of IONs as reported 
previously (Ebrahiminezhad et al., 2012b; Shen et al., 2004). In IONs@APTES, 
peak at 3441.24 cm-1, corresponds to the presence of free amino groups which can 
be overlapped by O-H stretching vibrations (Can et al., 2009; Ebrahiminezhad et 
al., 2012b; Shen et al., 2004). The peak appearing at 1032.64 cm−1 in 
IONs@APTES corresponding to Si-O stretching vibrations reveals that covalent 
bond of Fe-O-Si are formed after APTES coating (Ebrahiminezhad et al., 2015; 
Shen et al., 2004). The results of the FTIR analysis therefore show that the IONs 
have been successfully coated with APTES. This would allow better dispersion of 
the IONs in aqueous media and would protect them from leaching in an acidic or 
basic medium (Huang et al., 2010b). Therefore, APTES coating can be seen as a 
good candidate for surface modification of magnetite nanoparticles.  
 
 Summary 
Uniform spherically shaped superparamagnetic Fe3O4 nanoparticles with the high 
magnetisation of 60 emu/g and fairly narrow size distribution were synthesized and 
successfully coated with 3-aminopropyltriethoxysilane. Both naked IONs and 
IONs@APTES exhibited well-defined superparamagnetic behaviour. From the 
investigations on the particle sizes and magnetisation responses, it can be concluded 
that chemical co-precipitation by addition of NH4OH to an aqueous solution of 
Fe2+/Fe3+ in 1:2 stoichiometry under an inert atmosphere is a possible robust method 
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to synthesise sufficiently small nanoparticles with fairly narrow size distribution 
and high magnetisation.  
These outstanding physicochemical properties of IONs such as 
superparamagnetism, great surface area to volume ratio and their smaller size would 
allow good cell adhesion. Therefore, the synthesised nanoparticles can be a 
promising candidate to immobilise bacteria and study their effect on the growth, 
viability and biofilm formation in Bacillus subtilis fermentation, which will be 






The Effect of Iron Oxide Nanoparticles on Bacillus subtilis Biofilm, Growth and Viability Chapter 5 
79 
5 Chapter 5 
The Effect of Iron Oxide Nanoparticles on 

























This chapter forms the basis for the following publication: 
 
Ranmadugala, D., Ebrahiminezhad, A., Manley-Harris, M., Ghasemi, Y., & 
Berenjian, A. (2017). The effect of iron oxide nanoparticles on Bacillus subtilis 
biofilm, growth and viability. Process Biochemistry, 62(1), 231‒240. 
Chapter 5 The Effect of Iron Oxide Nanoparticles on Bacillus subtilis Biofilm, Growth and Viability 
80 
 Introduction 
One of the major problems with the use of Bacillus subtilis in industrial 
fermentation is the formation of biofilms by this bacterium (Berenjian et al., 2013) 
which leads to many process and operational complications. Biofilm formation in 
industrial MK-7 production leads to many process complications, such as limited 
mass transfer, decreased metabolic activity (Stewart & Franklin, 2008), costly 
periodic cleaning (Beech & Sunner, 2004) and corrosion of equipment (Gibson et 
al., 1999). In good manufacturing practice, countermeasures against biofilms are 
therefore critical in order to improve the process performance. Common strategies 
for biofilm control are the use of biocides and disinfectants (Simões et al., 2010) 
which control biofilm formation by killing the microorganisms. However, in 
industrial production of MK-7, it is of the utmost importance that the removal 
strategy for biofilm should not affect bacterial cell viability. Bacteria are said to be 
viable when in the presence of intact and functional nucleic acids as well as in the 
presence of an intact and polarised cytoplasmic membrane (Hammes et al., 2010). 
Iron oxide nanoparticles have previously been tested for biofilm control taking into 
account their antibacterial propensity. However, when IONs are used for biofilm 
control in the industrial production of MK-7 by Bacillus subtilis, the interaction 
pattern between IONs and Bacillus subtilis at the bacterial nanoparticle interface 
should not affect the growth and viability of bacterial cells. Obviously, the higher 
the interaction/adsorption of Bacillus subtilis onto NPs, the higher the efficiency of 
immobilisation and the advantages in intensifying downstream processes for 
industrial MK-7 production. Nevertheless, strong contact of NPs with bacterial cell 
membrane can sometimes disturb bacterial metabolism (Auffan et al., 2008) mainly 
due to the induction of oxidative stress by reduced Fe species. On the contrary, there 
are many other instances where strong adsorption of IONs on to bacterial surface 
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have not disturbed the integrity of the bacterium, which was further used for 
intended applications (Ebrahiminezhad et al., 2016c). Further, there are instances 
where IONs have induced shifts in the biofilm microbial community possibly due 
to changes in nutrient availability or chemical gradient within the biofilm matrix 
(Ikuma et al., 2015), making it difficult to generalise the effect of IONs on bacteria. 
For a particular cell line, therefore IONs can be growth promoting or cytotoxic 
mainly depending on the concentration, size and surface properties of IONs. 
Therefore, this chapter aims to evaluate the effect of the synthesised nanoparticles 
(naked and IONs@APTES) on Bacillus subtilis biofilm formation growth and 
viability in order to open up a new domain for designing an intensified MK-7 
production process with reduced biofilm formation. 
 
 Results 
 Preliminary description of Bacillus subtilis (ATCC 6633) biofilm 
formation 
Bacillus subtilis growing in Luria-Bertani (LB) broth produced a biofilm within one 
day, located at the air-liquid interface with attachment to the vial walls at the 
meniscus region (Figure 16 a). When grown in the nutrient-rich medium previously 
described as the optimum media for MK7 production (Berenjian et al., 2011), it 
produced a biofilm consisting of a large, viscous mass (Figure 16 b). 
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Figure 16 Images of biofilm formation of Bacillus subtilis (ATCC 6633) in Luria- Bertani 
(LB) broth (a) and in the optimum nutrient-medium previously described by Berenjian et 
al. (2011) (b). 
 
 Interaction of IONs with Bacillus subtilis (ATCC 6633)  
In order to study the interactions of IONs with Bacillus subtilis, naked IONs and 
IONs@APTES were prepared as described in section 3.3.1 and 3.3.2. Bacillus 
subtilis (ATCC 6633) cells were immobilised with different concentrations of IONs 
as described in section 3.3.6. Scanning Electron Microscopy was used to visualise 
the interaction of IONs with bacteria (section 3.3.7 ). Figure 17 represents Bacillus 
subtilis cells growing in the presence of IONs@APTES and naked IONs in 
comparison to Bacillus subtilis cells growing in the absence of nanoparticles 
(control). Both IONs@APTES and naked IONs were found attached to Bacillus 
subtilis cells as shown in Figure 17; however, Bacillus subtilis cells were more 
densely coated with IONs@APTES in comparison to naked IONs. Interaction of 













IONs@APTES 300µg/mL IONs@APTES 
400µg/mL 
Bacillus subtilis cells growing in the 


















































































Figure 17 Scanning electron micrographs of Bacillus subtilis (ATCC 6633) decorated with IONs@APTES (a-d), naked IONs (e-h) and Bacillus subtilis cells growing 
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However, cultures were found to be heterogeneous in cell morphology. 
Interestingly, morphological changes, such as increased cell length in some of the 
cells, were seen in cultures grown in the presence of IONs@APTES and naked 
IONs as well as in the absence of nanoparticles (Figure 18). Some cells were bent 
and curved. However, these cells were viable as assessed by fluorescent microscopy. 
These novel morphs could be readily differentiated from the ancestral short rods of 
Bacillus subtilis. Staining of Bacillus subtilis (ATCC 6633) cells with LIVE/DEAD 
stain revealed that long cells are composed of multiple undissociated cells which 
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Figure 18 Scanning electron micrographs of Bacillus subtilis (ATCC 6633) showing increased cell length in the presence of IONs@APTES (a-d), naked IONs (e-h) 
and in the absence of nanoparticles (i) after 60 hours of fermentation. 
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Figure 19 Epifluorescence microscopic image of Bacillus subtilis (ATCC 6633) cell 
filamentation in the absence of nanoparticles after 60 hours of fermentation. Scale bar 
indicates 5 µM 
 
 Effect of IONs on biofilm formation by Bacillus subtilis (ATCC 
6633)  
In order to fully comprehend the effect of IONs@APTES and naked IONs on 
Bacillus subtilis biofilm formation, adherent biofilm biomass and pellicle biofilm 
biomass were quantified as described in sections 3.3.9.1 and 3.3.9.2 and the results 
are given in the following sections. 
 
 Crystal violet staining method 
Bacillus subtilis cells were immobilised with IONs as described in section 3.3.6. 
The effect of the nanoparticles’ treatments on adherent biofilm biomass is 
illustrated in Figure 20.  
Undissociated 
cells 




Figure 20 Crystal violet quantification of Bacillus subtilis (ATCC 6633) biofilm in the 
presence of IONs@APTES and naked IONs (a), crystal violet stained biofilms in the 
presence of IONs@APTES concentrations (from left to right 0-400 µg/mL) (b), crystal 
violet stained biofilms in the presence of different naked IONs concentrations (from left to 
right 0-400 µg/mL) (c) after 60 hours of fermentation. Results are expressed as the 
absorbance measured at 550 nm. Data are the means ± standard error of 3 replicates. An 
asterisk denotes the significance of difference at p < 0. 05 compared with the control  
 
The analysis of variance (ANOVA) test showed IONs@APTES significantly 
reduced the surface adherent biofilm biomass of Bacillus subtilis (p < 0.05) and that 
this effect was generally concentration dependent, resulting in 13.93%, 9.76% and 
7.39% reduction in biofilm biomass in the presence of 100, 200 and 300 µg/mL 
IONs@APTES, respectively. Dunnet’s multiple comparisons test showed biofilm 
formation in the presence of 100, 200 and 300 µg/mL of IONs@APTES are 
significantly lower than the control samples (p < 0.05). In contrast, treatment with 
similar concentrations of naked IONs showed no significant effect on reducing the 
biofilm formation even at high concentrations of naked IONs (300 and 400 µg/mL) 
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 Pellicle assay and analysis 
Measurement of biofilms by crystal violet staining method requires at least 24 to 
48 hour-cultures and estimates the adherent biofilm biomass stained after washing 
to remove non-adherent cells. As the washing steps can significantly affect the final 
results, the total biofilm biomass was also determined by a pellicle assay. The mass 
of Bacillus subtilis pellicles was ascertained by harvesting and drying the pellicle 
in an oven (40°C, 5 hours); the dry weight was taken using a 5-figure balance. 
 
 
Figure 21 Quantification of Bacillus subtilis (ATCC 6633) biofilm pellicle biomass in the 
presence of IONs@APTES, naked IONs and in the absence of nanoparticles. The formation 
of a biofilm was measured after 60 hours using the pellicle biomass assay. Results are 
expressed as dry weight (g). Data are the means ± standard error of 3 replicates. An asterisk 
denotes the significance of difference at p < 0. 05 compared with the control  
 
According to ANOVA, IONs@APTES showed a significant reduction in biofilm 
formation compared to naked IONs (p < 0.05) (Figure 21). Post hoc analysis by 
Dunnet’s multiple comparison test showed that biofilm formation in the presence 
of 100 and 200 µg/mL IONs@APTES were significantly lower than the control 
(p < 0.05). The pellicle assay was consistent with the CVSM showing that 100 and 
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biomass measured by both methods (p < 0.05). However, no significant difference 
in biofilm formation between the untreated cells and naked ION treated cells were 
found (p > 0.05). 
 
 Microscopic observations of biofilm formation 
In addition to CVSM and pellicle assays, the interaction of IONs@APTES was 
evaluated using Scanning Electron Microscopy (SEM) and Confocal Laser 
Scanning Microscopy (CLSM). 
 
5.2.3.3.1  Scanning electron microscopic analysis of biofilm formation 
Figure 22 Scanning electron micrographs of Bacillus subtilis biofilm matrix in the presence 
of IONs@APTES (a) and B subtilis cell and extracellular polymeric matrix in the presence 
of IONs@APTES (b) after 60 hours of fermentation. 
 
According to the SEM micrographs, IONs@APTES were seen concentrated and 
attached to Bacillus subtilis cells as well as the extracellular polymeric matrix; a 
complex network in biofilms, without the need of an external magnetic field (Figure 
22 ). As can be seen from Figure 22-b, binding of IONs@APTES to bacterial cells 
as well as to the extracellular polymeric matrix would hinder bacterial cell adhesion 
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5.2.3.3.2 Confocal Laser Scanning microscopic analysis 
Previous studies showed that the adherence and pellicle biomass was significantly 
less in the presence of 100 µg/mL IONs@APTES. Therefore, a confocal 
microscopic analysis was carried out to determine the difference in the maximum 




Figure 23 CLSM images of 60 hours Bacillus subtilis biofilm in the absence of 
nanoparticles (a and b) and in the presence of 100 µg/mL IONs@APTES (c and d). 
Biofilms were stained with LIVE/DEAD. Live cells are stained in green (a and c) dead 
cells stained in red (b and d) 
 
According to confocal laser scanning micrographs, Bacillus subtilis showed a thick 
biofilm biomass in the absence of IONs@APTES after 60 hours of fermentation in 
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comparison to biofilm biomass in the presence of IONs@APTES (Figure 23). 
Biofilm maximum depth was determined after calculating the thickness of 20 
different regions from biofilms grown in the presence of 100 µg/mL IONs@APTES 
and in the absence of nanoparticles (control sample).  
 
 
Figure 24 Biofilm maximum depth average obtained by CLSM for Bacillus subtilis biofilm 
in the absence of nanoparticles (control) and in the presence of 100 µg/mL IONs@APTES 
after 60 hours of fermentation. An asterisk denotes the significance of difference at p < 0. 
05 compared with the control 
 
Confocal microscopic analysis revealed that biofilm maximum depth, which is an 
indirect measure of the amount of Bacillus subtilis biofilm biomass in the presence 
of 100 µg/mL IONs@APTES, is 28.66 µm in depth which was significantly less 
than the depth of the biofilm in the absence of IONs@APTES which was 44.60 µm 
(p < 0.05)(Figure 24).  
 
 Effect of IONs on the growth of Bacillus subtilis (ATCC 6633)  
Nanomaterials can be cytotoxic or growth promoting depending on their 
physicochemical characteristics. In successful cell immobilisation, the immobilised 
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activities. To this end, we further measured the growth/cell density and viability of 
Bacillus subtilis in the presence of varying concentrations of IONs@APTES, naked 
IONs and in the absence of these nanoparticles. Biocompatibility studies were 
carried out when the bacteria are actively growing in the log phase.  
 
 
Figure 25 Growth of Bacillus subtilis in the presence of IONs@APTES and naked IONs. 
Data are the means ± standard error of 3 replicates. Optical density was measured at 60 
hours. An asterisk denotes the significance of difference at p < 0.05 compared with the 
control 
 
With increasing concentrations of IONs@APTES, an increase of 
growth/population density was seen after 60 hours as shown in Figure 25. However, 
naked IONS showed a growth promoting effect up to 200 µg/mL and the population 
density reduced thereafter. A significant reduction in cell density was seen in the 
presence of high concentrations of naked IONs (300 and 400 µg/mL) (p < 0.05). 
According to the results, IONs@APTES showed more growth promoting effect 
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 Effect of IONs on Bacillus subtilis (ATCC 6633) cell viability  
Optical density values do not distinguish between dead and live cells. Therefore, 
we further investigated the bacterial cell viability in the presence of naked and 
IONs@APTES using a LIVE/DEAD assay. 
 
 
Figure 26 Viability of Bacillus subtilis in the presence of IONs@APTES and naked IONs. 
Data are the means ± standard error of 3 replicates. Viability was measured at 60 hours. An 
asterisk denotes the significance of difference at p < 0. 05 compared with the control  
 
As shown in Figure 26, the total cell viability in the presence of 100 and 200 
µg/mL IONs@APTES were less than the control conditions by 14% and 4% 
respectively. However, none of the IONs@APTES concentrations significantly 
affected the total cell viability of Bacillus subtilis (p > 0.05). In contrast, the effect 
of naked IONs on bacterial cell viability was concentration-dependent where the 
total cell viability of Bacillus subtilis was significantly less in the presence of high 
concentrations of naked IONs (300 and 400 µg/mL) (p < 0.05) with a percentage 
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 Discussion 
 Interaction of IONs with Bacillus subtilis (ATCC 6633)  
For successful immobilisation of bacterial cells with magnetic nanoparticles, the 
interaction of Bacillus subtilis cells with nanoparticles is imperative. According to 
the SEM micrographs, both IONs@APTES and naked IONs were seen attached to 
Bacillus subtilis cells. However, Bacillus subtilis cells were densely coated with 
IONs@APTES in comparison to naked IONs (Figure 17 ). According to the results, 
IONs@APTES seem to have provided a perfect platform for the attachment of 
Bacillus subtilis. Computer-derived models have shown that the charged groups of 
bacterial cells are all on the exterior of the molecular chains (Sutherland, 2001) and 
therefore would readily interact with charged molecules. In accordance with our 
study, several other studies show that nanoparticles with positive surface potential 
would provide unique advantage of attracting bacteria (Azam et al., 2012; 
Ebrahiminezhad et al., 2016c).  
In addition to IONs@APTES, naked IONs were also seen attached to Bacillus 
subtilis cells although the bacterial cells were not densely decorated in comparison 
with IONs@APTES . Bacterial cell surfaces contain both positively and negatively 
charged groups. Therefore, the possibility of having islands with various charges to 
interact with the negatively charged surfaces has been suggested when similar 
observations of attachment of IONs to bacteria with negative surface potential 
including Bacillus subtilis have been made (Ebrahiminezhad et al., 2016b; Li et al., 
2009). Interaction of naked IONs at higher concentrations with bacteria has also 
been documented and the finding has been rationalised to molecular crowding with 
an increase in the concentration of naked IONs resulting in net interactive 
interactions between naked IONs and bacteria (Arakha et al., 2015). In addition, 
the attachment of naked IONs to Bacillus subtilis may also be due to changes in 
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surface potential of naked IONs with changes with the actual pH of the growth 
medium (Dias et al., 2011). In aqueous medium, iron oxide is in the form of 
hydroxyl groups due to the coordination and further dissociation in water (Dias et 
al., 2011). Therefore, naked IONs can become positively or negatively charged 
depending on the pH of the culture medium (Dias et al., 2011). Below the isoelectric 
point of magnetic nanoparticles (around pH 6.8) they can become positively 
charged due to the formation of Fe-OH2+ moieties and above the isoelectric point, 
they are negatively charged due to the formation of Fe-O- moieties (Dias et al., 
2011). Therefore, although it has been hypothesised that the interaction between 
naked IONs are not strong enough for the NPs to attach to microbial cell surface 
due to dominant electrostatic repulsion, the above factors may contribute to surface 
attachment of naked IONs to Bacillus subtilis.  
It is therefore evident that the interaction of nanoparticles with microbial cells is 
complex and many factors can come into play. In addition to surface charge, other 
factors may play a role in successful immobilisation, these include the surface 
properties of the support/nanoparticles, such as the roughness, porosity, 
hydrophobicity, superficial charge, toxicity and the type of functional groups 
present (Żur et al., 2016). Apart from these, the interaction of Bacillus subtilis cells 
with NPs also depends upon the properties of the microbial cell surface as well as 
environmental conditions. Properties of microbial cells include the presence of 
extracellular polymeric substances (EPS), the age and physiological state of cells, 
the presence of cell wall structures, such as pilli and fimbriae, and the presence of 
surface proteins and glycocalyx (Dickson & Koohmaraie, 1989). Environmental 
conditions that may affect the efficiency of immobilisation are pH, oxygen 
concentration, temperature, availability of nutrients, hydrodynamic forces, 
adhesive forces, antimicrobial agents and the presence of cations/anions (Żur et al., 
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2016). Grasso et al. (1996) demonstrate that there is also a clear impact of the 
growth state on the cell surface dynamics and adhesion of bacteria onto surfaces 
even though McEldowney and Fletcher (1986b) report that for some bacterial 
strains (P. fluorescens, Chromobacterium sp., Flexibacter sp.) there is no apparent 
correlation between growth and adhesive properties.  
In the present study, it was also apparent that IONs@APTES can readily penetrate 
and attach to the biofilm matrix. As the majority of bacteria, including Bacillus 
subtilis, have negatively charged biofilm matrix (Hajipour et al., 2012), positively 
charged IONs@APTES with high surface/volume ratio, which also disperses easily 
in the aqueous medium, can readily penetrate and bind to the biofilm matrix. 
Previous studies have also demonstrated that positively charged particles would 
more easily penetrate negatively charged biofilms (Javanbakht et al., 2016). Apart 
from the charge, the size of IONs can also impact their diffusion through biofilms 
(Javanbakht et al., 2016).  
Interestingly, morphological changes were visible in Bacillus subtilis growing in 
the presence of IONs@APTES and naked IONs as well as in the absence of 
nanoparticles. These morphs can be readily differentiated from the ancestral short 
rods of Bacillus subtilis. Changes in cell morphology is a possibility in bacteria-
nanoparticle interaction; for example, Chatterjee et al. (2011) reported an abrupt 
increase in cell length of E.coli in the presence of iron oxide nanoparticles. 
However, in this study, the presence of filamentous morphs, even in the absence of 
nanoparticles, eliminates the possibility of filamentation due to 
nanoparticle-bacterial interaction and suggests that the presence of filamentous 
morphs of Bacillus subtilis may be due to physiological changes in some cells 
within the biofilm matrix. Non-motile, long cell chains have been reported 
previously in Bacillus subtilis biofilms (Branda et al., 2006) and in many other 
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bacteria including B. cereus, E. coli, L monocytogenes and Salmonella spp. (Jones 
et al., 2013) which appears to be a normal aspect of their growth. Cell elongation 
takes place when cell growth continues in the absence of cell division (Diaz-
Visurraga et al., 2010). For many years, filamentous bacteria have been considered 
to be over-stressed and dying members of the population (Costa et al., 2012). 
However, on closer examination, cell elongation/changes in morphology have been 
described as survival mechanisms and confer protection against stressful 
environmental situations (Costa et al., 2012; Pianetti et al., 2009). Varying 
morphotypes appear to promote cell survival in adverse conditions and rapid 
repopulation in the post-stress environment (Pianetti et al., 2009). Under biofilm 
formation conditions in this study, localised high osmolarity may have arisen due 
to soluble exopolysaccharides within the biofilm (Sutherland, 2001). Therefore, 
morphological changes that were visible may be indicators of microbial adaptability 
to environmental/culture conditions. These morphotypes are regarded as viable 
because filamentation is a reversible stress response and the cells are able to divide 
and form new normal cells upon removal of the stress conditions (Jones et al., 
2013). This was clearly evident by the division of cells by binary fission and 
formation of new daughter cells that were seen in the presence of naked and 
IONs@APTES as well as in the absence of nanoparticles. Based on the results, 
IONs@APTES could be seen as a better option for decorating Bacillus subtilis 
cells. 
 
 Effect of IONs on biofilm formation by Bacillus subtilis (ATCC 
6633) 
Some of the earlier reports have demonstrated the potential for the use of naked 
IONs with appropriate size and concentration for controlling biofilms 
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(Sathyanarayanan et al., 2013; Subbiahdoss et al., 2012; Taylor & Webster, 2009; 
Thukkaram et al., 2014). For example, Sathyanarayanan et al. (2013) demonstrated 
that IONs reduce biofilm growth of P. aeruginosa and S. auereus. Thukkaram et al. 
(2014) showed IONs in a concentration range of 10 to 100 µg/mL were able to 
reduce biofilm growth of S. aureus, E.coli and P. aeruginosa. Similarly, Taylor and 
Webster (2009) have reported a decrease in S. epidermidis numbers in a biofilm in 
the presence of 100 µg/mL of IONs, and Subbiahdoss et al. (2012) report the use 
of IONs to effectively kill biofilm bacteria. It has been suggested that the 
antibacterial effect of IONs may be either due to the production of reactive oxygen 
species or membrane damage due to electrostatic interactions or the small size of 
nanoparticles (Sathyanarayanan et al., 2013). In contrast, Borcherding et al. (2014) 
have shown that naked IONs impact biofilm formation in a size-dependent manner, 
where the smaller (2 nm) IONs have been shown to increase growth and biofilm 
formation significantly due to the release of soluble Fe3+ in comparison to larger 
(540 nm) IONs. This study compared the biofilm formation by Bacillus subtilis in 
the presence of IONs@APTES and naked IONs. 
According to the results, IONs@APTES at 100 µg/mL and 200 µg/mL significantly 
reduced the adherence and pellicle biofilm biomass of Bacillus subtilis in a 
concentration-dependent manner (p < 0.05) (Figure 20 and Figure 21). In particular, 
IONs@APTES at 100 µg/mL was the most active concentration since it 
significantly reduced the total biofilm biomass without affecting the cell viability, 
suggesting an active role of these IONs@APTES affecting bacterial cell attachment 
to glass surfaces and pellicle formation. The exact mechanism by which 
IONs@APTES inhibit the adherence of Bacillus subtilis to surfaces and reduces 
pellicle formation was not investigated in this study. However, bacterial attachment 
to any surface is related to the surface charge of both substratum and bacteria 
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(Dickson & Koohmaraie, 1989). Attachment of Bacillus subtilis to IONs@APTES 
is mainly driven by the attractive electrostatic interaction between the positively 
charged amine functional groups on IONs@APTES and the negatively charged cell 
surface of bacteria. Therefore, it can be speculated that the significant reduction of 
biofilm formation in the presence of IONs@APTES may be due to attachment of 
IONs@APTES on to the negatively charged cell wall of Bacillus subtilis thereby 
changing the surface charge and surface binding potential of cells. Further, once 
attached to the bacterial cell surface, IONs@APTES can act as a physical barrier 
for the attachment of bacterial cells to other surfaces and initiation of biofilm 
formation. 
In contrast, treatment with similar concentrations of naked IONs showed no 
significant effect on reducing the biofilm formation, even at high concentrations of 
naked IONs (300-400 µg/mL) (p > 0.05). Naked IONs might have shown limited 
use in controlling biofilm formation as they are not well dispersed at higher 
concentrations; an external magnetic field has sometimes been used to target and 
penetrate IONs deep into the biofilm and concentrate them therein (Dickson & 
Koohmaraie, 1989) in order to eliminate preformed biofilms. In this regard, size 
and physicochemical characteristics of IONs have both played an important role in 
their diffusion through biofilms and disruption of biofilms (Javanbakht et al., 2016) 
through the bactericidal effect exerted by the IONs. In contrast, APTES coating 
seems to stabilise the IONs and maintain them in a dispersed state while specifically 
interacting with the bacterium and changing the adhesion pattern and subsequent 
pellicle formation of Bacillus subtilis. 
However, the effect of IONs@APTES to reduce biofilm formation was masked in 
the presence of higher concentrations of IONs@APTES. This may be due to the 
growth promotion effect of IONs@APTES. According to the Derjaguin-Landau-
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Verwey-Overbeek (DLVO) model of colloidal stability, electrostatic interactions 
and Van der Waals interactions are described as the two most important interactions 
in bacterial cell adhesion (Rijnaarts et al., 1995). However, interactions not 
included by the DLVO model, such as hydrophobic interactions, can also contribute 
to bacterial cell adhesion (Grasso et al., 1996; Rijnaarts et al., 1995) which can 
change with the growth rate. For example, Grasso et al. (1996) report that the 
hydrophobicity of P. aeruginosa increased with the increase in the specific growth 
rate. Further to hydrophobic interactions, surface macromolecules which play a role 
in surface attachment can also change with the physiological state of the bacterium. 
Therefore, cell adhesion cannot be attributed to a single factor; it is complex and 
warrants further study.  
In addition to CVSM and pellicle assay, CLSM analysis revealed that biofilm 
maximum depth, which is an indirect measure of the amount of Bacillus subtilis 
biofilm biomass in the presence of IONs@APTES, was 28.66 µm in depth which 
was significantly less than the depth of the biofilm in the absence of nanoparticles 
which was 44.60 µm (p < 0.05) (Figure 24). Therefore, IONs@APTES proved to 
be useful in biofilm control in comparison to naked IONs. 
 
 Effect of IONs on the growth of Bacillus subtilis (ATCC 6633) 
The growth of Bacillus subtilis in the presence of naked and IONs@APTES showed 
that IONs@APTES have more growth promoting effect than the naked IONs. With 
increasing concentrations of IONs@APTES, an increase in growth/population 
density was seen (Figure 25). Bacteria surviving and colonising on surfaces 
functionalised with APTES have been reported previously by Lee et al. (1994). It 
is possible that the binding of IONs@APTES to Bacillus subtilis has changed the 
membrane permeability and has facilitated mass transfer and nutrient absorption in 
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a concentration-dependent manner. Supporting observations have been reported by 
Ansari et al. (2009) in which coating of bacterial cells with magnetic nanoparticles 
have resulted in higher desulphurisation activity. It was suggested that this was due 
to changes in cell membrane permeability which facilitated the entry and exit of 
reactant and product (Ansari et al., 2009).  
The increase in cell density in the presence of varying concentrations of 
IONs@APTES showed a similar pattern to increase in biofilm biomass. However, 
the cell density was not significantly less than the control in the presence of 100 
and 200 µg/mL of IONs@APTES although the biofilm biomass was significantly 
less. The results support the idea that IONs@APTES compromise surface 
adherence of Bacillus subtilis to the glass surface and pellicle formation by altering 
the adhesion pattern of the bacterium without affecting microbial growth. 
Naked IONs showed a growth promotion up to 200 µg/mL; however, it was not 
significantly different from control (p > 0.05). Similar observations have been 
reported previously where IONs have induced growth by acting as an endogenous 
source of iron for bacteria, and this effect is dependent on the particle size of IONs 
(Borcherding et al., 2014) as well as the concentration of IONs (Ebrahiminezhad et 
al., 2015). The population density of Bacillus subtilis was significantly reduced in 
the presence of high concentrations of naked IONs (300 and 400 µg/mL) (p < 0.05). 
However, the reduction in biofilm biomass was not significantly different from the 
control as described in section 5.3.2, even in the presence of higher concentrations 
of naked IONs, although the growth /cell density was significantly less (p < 0.05). 
As biofilm bacteria, as well as planktonic bacteria, contribute to the optical density 
value, it can be speculated that the significant reduction in optical density in the 
presence of high concentration of naked IONs may be due to the significant 
antibacterial effect of naked IONs on planktonic bacteria at high concentrations. As 
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naked IONs are not well dispersed at higher concentrations, the response of biofilm 
bacteria and planktonic bacteria to IONs may be different. A reduction of Bacillus 
subtilis growth in the presence of naked IONs with an average size of 11 nm, in a 
concentration and time-dependent manner, has been demonstrated by 
(Ebrahiminezhad et al., 2016b). Further, (Arakha et al., 2015) reported a reduction 
in Bacillus subtilis growth with increasing concentrations of naked IONs with an 
estimated particle size of approximately 11± 5 nm; however, the growth inhibition 
was insignificant for the concentrations of naked IONs studied. Growth inhibitory 
effect of naked IONs on many other bacterial species, such as E. coli, L. 
monocytogenes, S. aureus and P. aeruginosa, in a concentration-dependent manner, 
have also been reported (Chatterjee et al., 2011; Ebrahiminezhad et al., 2012a; 
Ebrahiminezhad et al., 2016b; Grumezescu et al., 2010; Ramteke et al., 2010). 
Growth inhibition has been attributed to the production of ROS resulting in 
oxidative stress and damage to the cell membrane, protein and DNA (Chatterjee et 
al., 2011).  
Therefore, in comparison to naked IONs, IONs@APTES present a better option for 
immobilisation of Bacillus subtilis and controlling biofilm formation while 
maintaining bacterial growth. 
 
 Effect of IONs on the viability of Bacillus subtilis (ATCC 6633) 
Previous studies report that the strong interactions of IONs with cell membrane can 
sometimes disturb the cell membrane integrity, electron and ionic transport chains 
between the intra and extracellular media and bacterial metabolism (Arakha et al., 
2015; Auffan et al., 2008; Javanbakht et al., 2016). One of the criteria to distinguish 
between dead and viable cells is, therefore, the membrane integrity. While viable 
cells are assumed to have intact cell membranes, dead cells are considered to have 
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disrupted cell membranes. Syto 9 fluorescence dye of BacLightTM bacterial viability 
kit stains bacterial cells with intact cell membranes in green and bacterial cells with 
damaged cell membranes are stained red with propidium iodide. Among the 
methods to investigate the bacterial cell viability, backlight assay holds great 
promise when fast throughput results are required. 
In industrial fermentation, biofilm control and growth and viability of the bacterium 
are equally important; however, previous studies with naked IONs have shown that 
the reduction in biofilm is due to their antibacterial potential (Sathyanarayanan et 
al., 2013; Subbiahdoss et al., 2012; Taylor & Webster, 2009; Thukkaram et al., 
2014). According to the results of this study, despite the fact that 100 and 
200 µg/mL IONs@APTES significantly reduced biofilm formation, none of the 
IONs@APTES concentrations significantly affected the total cell viability of 
Bacillus subtilis (Figure 26). Similarly, Gottenbos et al. (2001) report that 
positively charged biomaterial surfaces do not affect surface growth nor exert an 
antimicrobial effect on adhering gram-positive bacteria. The results have been 
ascribed to the thick and rigid peptidoglycan layer of gram-positive bacteria where 
it prevents/reduces extensive contact of ammonium groups with the membrane, 
even under conditions of electrostatic attractions (Gottenbos et al., 2001). Therefore, 
it is speculated that the reduction in biofilm biomass in the presence of 
IONs@APTES may be due to the change in surface binding potential or shielding 
effect of IONs@APTES leading to less adherence and pellicle formation of Bacillus 
subtilis.  
In contrast, total cell viability was significantly less at naked IONs concentrations 
higher than 200 µg/mL, which may be due to the toxic effect exerted by naked IONs. 
Similarly, (Arakha et al., 2015) reported a 30% reduction in the viability of Bacillus 
subtilis in the presence of 50 µM of naked IONs with an estimated particle size of 
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approximately 11± 5 nm. Toxic effect of naked IONs on cell lines in a 
concentration-dependent manner have also been reported by several other studies 
(Ebrahiminezhad et al., 2015; Javanbakht et al., 2016; Singh et al., 2010; 
Thukkaram et al., 2014). Therefore, in comparison to naked IONs, IONs@APTES 
present a better option for immobilising Bacillus subtilis and controlling biofilm 
formation while maintaining bacterial growth. Supporting observations are reported 
by Ebrahiminezhad et al. (2015) where a number of viable HepG2 cells were high 
in the presence of IONs@APTES than in the presence of naked IONs, although 
some studies report that positively charged IONs exert strong antimicrobial 
propensity in comparison to naked IONs (Arakha et al., 2015; Javanbakht et al., 
2016), however, only at highest exposure concentrations (Javanbakht et al., 2016).  
 
 Summary 
Biofilm formation of Bacillus subtilis results in significant operational issues in 
many fermentation processes. The present study was focused on immobilisation of 
Bacillus subtilis (ATCC 6633) with naked and APTES coated IONs and evaluation 
of their effects on Bacillus subtilis biofilm formation, growth and viability. In 
comparison to naked IONs, IONs@APTES offered a high density of surface 
functional groups of –NH3
+ to IONs, promoting strong electrostatic interaction with 
negatively charged sites on the cell membrane allowing good decoration of cells. 
IONs@APTES have been demonstrated to be a promising approach to control 
biofilm formation without the loss of Bacillus subtilis cell viability compared to 
naked IONs. No reduction in viability was seen in the presence higher 
concentrations of IONs@APTES (300 and 400 µg/mL). Therefore, APTES coated 
magnetic nanoparticles, at appropriate concentrations, offer a considerable 
advantage for biofilm control while maintaining the growth and viability of 
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bacterial cells when designing the next generation of bioprocesses intensification 
methods in Bacillus subtilis fermentation. However, the interaction of 
IONs@APTES with bacterial cells should not affect the metabolic activity of 
Bacillus subtilis, especially the MK-7 production. It is therefore imperative to study 
the effect of IONs@APTES on MK-7 production. Due to shortfalls in existing MK-
7 analysis protocols, prior to the study of the effect of IONs@APTES on MK-7 
production by Bacillus subtilis, it is, however, important to have a reliable MK-7 
analysis procedure. 
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 Introduction 
MK-7 is a membrane-bound quinone functioning as an electron carrier in the 
prokaryotic respiratory chain (Fujimoto et al., 2012). With growing interest in 
MK-7 due to its beneficial role in the blood coagulation process (Suttie, 1995), bone 
formation (Tsukamoto et al., 2000), reducing bone fractures (Schurgers et al., 2007), 
preventing postmenopausal bone loss (Knapen et al., 2007) and cardiovascular 
health (Beulens et al., 2009; Gast et al., 2009; Knapen et al., 2015; Shea & Holden, 
2012), the dietary intake of menaquinones are more important than phylloquinone. 
Therefore, MK-7 can be taken as the obvious choice to be included in multivitamin 
supplements and functional foods for the prevention of these diseases (Cranenburg 
et al., 2007). Although HPLC facilitates routine vitamin K analysis, the 
determination of MK-7 is still a great challenge. One of the reasons for this is the 
contamination of samples by other lipids, such as esters of fatty aromatic acids 
(Bentley & Meganathan, 1982). The presence of interfering substances in samples 
following extraction necessitates an additional sample clean-up with solid phase 
extraction (Haroon et al., 1982), normal phase HPLC (Canfield et al., 1991), thin 
layer chromatography (Sakano et al., 1988) or combinations of these methods 
(Hirauchi et al., 1989) to eliminate interfering substances from the final reversed 
phase chromatographic system. The use of two chromatographic systems is 
expensive and time-consuming. Further, several sample manipulation steps 
increase the risk of experimental errors. Another major problem in MK-7 
quantification is the low solubility of MK-7 in polar solvents. The MK-7 analysis 
is most commonly carried out after evaporation of an MK-7 extract normally in a 
non-polar solvent and re-solubilisation in polar solvents such as methanol or a 
mixture of methanol and dichloromethane. However, low polarity lipid soluble 
MK-7 is often difficult to dissolve in the polar mobile phases usually used for 
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reversed phase HPLC and this could result in lower quantitation of actual MK- 7 
concentration present in the sample. 
In addition to the presence of interfering substances and low solubility of MK-7, 
MK-7 concentration in bacterial fermentation is low. Therefore, a highly sensitive 
method is required for quantitation. Attempts have been made to determine the level 
of MK-7 from various sources including, meat, fish, natto (Japanese fermented 
soybean), milk, cheese, curd and bread (Schurgers & Vermeer, 2000). Although 
some of these methods have given satisfactory results in terms of sensitivity, the 
methods have major drawbacks. For example, liquid chromatography-atmospheric 
pressure chemical ionisation/mass spectrometry (LC-APCI-MS) provides an 
accurate analysis of menaquinones with high sensitivity (Ahmed & Mahmoud, 
2015), however, many laboratories are not equipped with this instrumentation. 
Therefore, the objective of the present study was to develop a novel, relatively low-
cost method for routine MK-7 analysis with greater efficiency and accuracy using 
HPLC with UV detection.  
 
 Results 
 Standard calibration curve of MK-7 
A standard calibration curve of MK-7 was obtained by plotting analyte 
concentration against peak area. The retention time of MK-7 was obtained at 
7.19 ± 0.1min (Figure 27). The flow rate was 0.5 mL/min. UV detection was from 
200-400 nm and the chromatogram was extracted at 248 nm. Figure 27 shows the 








Figure 27 Chromatogram (248 nm) of MK-7 standard 200  µg/mL (a) and extracted UV 
spectrum of the peak at 7.13 minutes (b).  
 
 
The UV absorbance spectrum of MK-7 showed four distinct peaks characteristic of 
the naphthoquinone nucleus between 240 and 280 nm and less sharp absorption at 
around 320 and 330nm. 
 
 Linearity of the method 
When linearity was determined for MK-7 following serial dilution of a MK-7 
calibration standard ranging from 200 µg/mL to 0.37 µg/mL (200, 100, 50, 25, 12.5, 
6.25, 3.13, 1.56, 0.78, and 0.37 µg/mL), a linear relation with good coefficient of 
determination of 0.9982 was obtained and showed good linear relationship of the 
newly developed method with the slope (m) of the calibration curve as 83,773.5416 
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Figure 28 Calibration curve of MK-7 standard. 
 
 Accuracy/% recovery studies 
The mean percentage of recovery (n=4) from spiked fermented samples was found 
to be more than 94% (Table 2). Figure 29 shows the HPLC chromatogram of MK-7 
with and without a spiked MK-7 standard. 
 
Table 2 Percentage recovery of MK-7 standard 




50.00 49.13 ± 0.0005 98.25 ± 0.95 
100.00 95.16 ± 0.0039 95.16 ± 3.91 































Figure 29 Chromatograms (248 nm) of MK-7 with (a) and without (b) MK-7 spike at 50µg and extracted UV trace of peaks with (c) and without (d) MK-7 spike at 
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 The precision of the method 
The precision was expressed in % RSD and it is less than 2% for both intraday and 
interday analyses (Table 3 and Table 4). 
 













1 150.00 143.96 147.21 
 
0.0022 1.5054 
  148.31    
  146.42    
  147.47    
  149.89    
2 150.00 147.63 146.29 0.0027 1.8274 
  147.46    
  142.48    
  149.19    
  144.70    
3 150.00 145.96 145.88 0.0006 0.3925 
  145.96    
  146.65    
  145.77    
  145.05    
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 Limit of detection and limit of quantification 
High-Performance Liquid Chromatography LOD and LOQ were calculated as 
described in section 3.3.16.4 and the calculations are shown below. The assay LOD 
was 0.10 µg/mL and the LOQ was 0.29 µg/mL. 
 
LOD= ((3.3* 2407.89)/ 83,773.5416) =0.10 µg/mL 
LOQ= ((10* 2407.89)/ 83,773.5416)=0.29 µg/mL 
 
  Preliminary studies on MK-7 extraction and analysis 
During this development process, preliminary studies on MK-7 extraction were 
carried out according to the protocol described by Sato et al. (2001b). Briefly, 4 mL 
of 2- propanol and 8 mL of n-hexane was added to 3 mL of bacterial suspension, 
vigorously shaken and centrifuged to remove the upper n-hexane layer. n-hexane 
(20 μL) was directly injected into HPLC column and eluted with 2-propanol: 
n-hexane (2:1, v/v). However, this procedure resulted in a very high spurious peak 
co-eluting with MK-7 in the chromatogram, and therefore the MK-7 peak could be 
poorly detected with UV (Figure 30). 
 
 
Figure 30 Chromatogram of extracted MK-7 from Bacillus subtilis (ATCC 6633) without 
1% (w/v) lipase and ethanol: water (4:2, v/v) treatment. MK-7 is in n-hexane and eluted 
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Therefore, in the next stage prior to MK-7 extraction from bacterial strains with a 
mixture of 2-propanol: n-hexane (2:1, v/v), purification of the crude extract was 
carried out by enzymatic hydrolysis of lipids followed by ethanol precipitation of 
proteins as described previously by Lambert et al. (1992). The mixture was 
centrifuged and the upper hexane layer was separated into a new vial and directly 
injected into HPLC.  
 
 
Figure 31Chromatogram of extracted MK-7 from Bacillus subtilis (ATCC 6633) with 1% 
(w/v) lipase and ethanol: water (4:2, v/v) treatment. MK-7 is in n-hexane and eluted with a 
mobile phase solvent mixture of 2- propanol; n-hexane (2: 1, v/v) 
 
Enzymatic hydrolysis with 1% (w/v) lipase and ethanol-water treatment were able 
to get rid of the spurious peak and improved the detectability of MK-7 (Figure 31). 
However, in the resulting chromatogram, the MK-7 peak was poorly resolved 
(Figure 31). Therefore, instead of directly injecting the n-hexane extract to HPLC 
column, in the next stage, MK-7 extract was reconstituted in a solvent that is the 
same as the mobile phase by mixing one part of the upper n-hexane layer with 2 
parts of 2-propanol (v/v) followed by eluting with the same mobile phase solvent 
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Figure 32 Chromatograms of extracted MK-7 from Bacillus subtilis (ATCC 6633) in n-
hexane (a) in 2- propanol: n-hexane (2:1, v/v) (b) after 1% (w/v) lipase and ethanol: water 
(4:2, v/v) treatment. MK-7 is eluted with a mobile phase solvent mixture of 2- propanol; n-
hexane (2: 1, v/v) 
 
The effect of enzymatic hydrolysis and ethanol-water treatment followed by 
reconstituting the extract in a solvent that is the same as the mobile phase can be 
clearly seen in Figure 32-b. This protocol would therefore allow accurate 
quantitative measurement of MK-7 from Bacillus subtilis strains. 
 
 Determination of MK-7 production by Bacillus subtilis 
species/strains  
The accuracy of the proposed method for extraction and analysis of MK-7 from 
four different Bacillus species/strains was studied. MK-7 was identified by 
comparison of retention time and UV spectrum with a MK-7 standard. MK-7 was 
extracted as described in 3.3.13 and was analysed by HPLC as described in 
section 3.3.17. Representative chromatograms and spectra of MK-7 extracted from 
























Figure 33 HPLC chromatogram (248 nm) of MK-7 in the culture of Bacillus subtilis (ATCC 6633) (a) Bacillus subtilis natto (b) and corresponding extracted UV 
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Analysis of MK-7 from four different Bacillus species/strains using the developed 
method indicated that the highest MK-7 production can be obtained from Bacillus 
subtilis natto followed by Bacillus subtilis (ATCC 6633). The amount of MK-7 
produced by Bacillus licheniformes and Bacillus sphericus was much less (Figure 
34). The coefficient of variation for the triplicate determination were less than 10% 
for MK-7 from the four Bacillus species/strains.  
 
 
Figure 34 MK-7 production by B. licheniformes, B. sphericus, B. subtilis natto and 
B.subtilis (ATCC 6633) after 60 hours of fermentation. Data are the means ± standard error 
of three replicates. 
 
 Discussion 
The most common choice of analytical method for MK-7 analysis is HPLC (Clejan 
et al., 1986; Lambert et al., 1992); however, there are still problems relating to 
extraction and sample clean-up. The aim of this study was to develop a method by 
which MK-7 can be extracted and quantified from fermented bacterial samples with 
minimum losses. The procedure combines enzymatic hydrolysis prior to extraction 
with a mixture of 2-propanol: n-hexane (2:1, v/v) followed by reversed phase HPLC 
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UV detection (from 200-400 nm and the chromatogram extracted at 248nm) using 
an isocratic mobile phase mixture of 2- propanol: n-hexane (2:1, v/v) with a flow 
rate of 0.5 mL/min. Under these conditions, the retention time was found to be 
7.19 ± 0.1 minutes. A linear response was shown by the method with a coefficient 
of determination (r2) value of 0.9982. The recoveries of MK-7 were more than 94% 
and the intraday and interday assay R.S.D values were less than 2%, demonstrating 
the accuracy of the method. The lower limit of detection (LOD) and the limit of 
quantification (LOQ) under these conditions were 0.10 µg/mL and 0.29 µg/mL 
respectively. Although fluorescence detection would give lower LOD and LOQ in 
comparison to UV detection (Fauler et al., 2000), reduction of the quinone to 
hydroquinone form is needed in order to measure menaquinones with fluorescence 
detection and the whole procedure is time-consuming (Jakob & Elmadfa, 1995). In 
contrast, HPLC-UV is the first choice for routinely measuring the individual forms 
of vitamin K (Ahmed et al., 2007; Lefevere et al., 1979).  
MK-7 levels in fermentation are so low that it is important to eliminate the 
interfering compounds using sample clean-up methods. Since the reproducibility of 
the MK-7 profiles is also influenced by the chemical extraction and analysis 
conditions used to obtain quantitative data, sample clean-up was carried out using 
enzymatic hydrolysis previously described by Lambert et al. (1992) with slight 
modifications. It is reported that phosphatidyl-glycerol, the major polar lipid 
content of Bacillus species, and diacylglycerols, the major neutral lipid content of 
Bacillus species (Clejan et al., 1986) can be hydrolysed by lipases (Cabot & Gatt, 
1978; Verger et al., 1978). The sample preparation in this method is simple in 
comparison to clean-up using two chromatographic systems. It appeared that 
enzymatic hydrolysis followed by ethanol precipitation of proteins prior to 
extraction with a mixture of 2-propanol: n-hexane (2:1, v/v) was very effective to 
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get rid of contaminants which gave spurious peaks in HPLC while ethanol treatment 
and centrifugation removed the denatured proteins by the ethanol treatment (Shino, 
1988). In comparison to previously used open silica chromatography performed to 
purify the samples prior to reversed-phase chromatography, the method described 
here was less time-consuming and yielded good results coupled with the detection 
system. These treatments are extremely valuable as they can prolong the column 
life because the lipid contents that are injected into the column is a lot less (Lambert 
et al., 1992). 
Menaquinones are usually extracted with a mixture of a polar solvent and a 
nonpolar solvent. Commonly used polar solvents are isopropanol (Canfield et al., 
1991; Canfield et al., 1990), ethanol (Shino, 1988) and methanol (Hodges et al., 
1993). In almost all the studies n-hexane has been the choice as a nonpolar solvent 
(Ahmed et al., 2007; Canfield et al., 1990; Hirauchi et al., 1989; Hodges et al., 
1993; Schurgers & Vermeer, 2000; Shino, 1988). The most commonly used 
extraction solvent to readily extract menaquinones has been a mixture of 2-propanol 
and n-hexane (Hirauchi et al., 1989). In the present study, extraction of MK-7 was 
therefore carried out with a mixture of 2-propanol and n-hexane (2:1, v/v). 
For the purpose of quantification, extracts are normally evaporated and re-dissolved 
in polar solvents and analysed by reversed-phase chromatography. Each of these 
additional steps would lead to experimental error and potential loss of sample, and 
MK-7, which is a non-polar compound (Pennock, 1966), does not dissolve properly 
in polar solvents which adds to the experimental error. In contrast, the method 
described in this study does not require evaporation of the non-polar solvent and 
re-dissolution in a polar solvent. After extraction with a mixture of 2-propanol and 
n-hexane (2:1, v/v), the upper n-hexane layer was separated and mixed with 
2-propanol in a volume ratio of 2-propanol: n-hexane 2:1 and directly injected into 
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reversed phase HPLC. MK-7 was eluted with the same mixture of solvents i.e. 2-
propanol: n-hexane (2:1, v/v). The method described herein, therefore, reduces the 
number of steps involved in sample preparation for the analysis of MK-7 and 
eliminates the problem with the solubility of MK-7 leading to accurate 
quantification of MK-7.  
Further, vitamin K homologs are highly lipophilic compounds and on a reversed 
phase C18 column with a polar solvent have very long retention times. Making the 
solvent stronger by addition of n-hexane speeds up elution/reduces retention. The 
present study requires a run time of 8 minutes which provides a greater efficiency 
for quantifying MK-7. The system enabled a high throughput of 7 samples per hour. 
This would be beneficial in terms of reducing the analytical cost. In addition, the 
low viscosity of n-hexane lowers the instrument back pressure.  
The general usefulness of the developed method was demonstrated by its 
application in the analysis of MK-7 from several microorganisms. Using the above 
HPLC procedure, MK-7 from four different Bacillus species/strains were readily 
identified. Analysis of MK-7 from several Bacillus species/strains gave consistent 
results with a predominant UV absorbing signal at 248 nm corresponding to MK-7 
with a retention time of 7.19 ± 0.1minutes in comparison to an authentic MK-7 
standard with a retention time of 7.14 ± 0.02 minutes. The UV spectrum of MK-7 
showed four distinct peaks characteristic of the naphthoquinone nucleus between 
240 and 280 nm and less sharp absorption at around 320 and 330 nm. The results 
were consistent with previous records (Sommer & Kofler, 1967; Suttie, 1978). The 
presence of a single peak in the chromatogram also indicates that the major 
respiratory quinone present in Bacillus sp studied is MK-7. The results are in 
agreement with previous studies (Watanuki & Aida, 1972). Owing to the 
satisfactory accuracy, precision, sensitivity and short run time, the proposed HPLC 
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method can be used for the determination of MK-7 in fermented bacterial samples. 
 
 Summary 
As a part of new analytical method development for MK-7 analysis, a rapid and 
sensitive reversed-phase high performance liquid chromatographic method 
combined with efficient extraction method was developed and validated with 
respect to accuracy, precision, specificity and linearity. Herein we describe, to our 
knowledge, the first HPLC assay to be validated for quantifying MK-7 using the 
same solvents for extraction and elution of MK-7 in high-performance liquid 
chromatography, eliminating the requirement to evaporate and re-dissolve extracts 
in a different mobile phase solvent. Therefore, the method is less time consuming 
and more accurate. Moreover, the good solubility of MK-7 in a mixture of 
2-propanol and n-hexane, in comparison to previous mobile phase solvents, such as 
methanol, gives a more accurate quantification of MK-7 from samples. This method 
also has added strengths, such as short chromatographic runtime in comparison to 
previous methods. Therefore, the method described here is simple, efficient, 
accurate and reproducible, which can be used to routinely analyse bacterially 
synthesised MK-7. The developed method can, therefore be used to study the effect 
of IONs@APTES on MK-7 production in Bacillus subtilis fermentation which will 
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 Introduction 
In terms of human health, the intake of MK-7 plays a vital role in bone formation 
(Tsukamoto et al., 2000), reducing bone fractures (Cranenburg et al., 2007) and in 
preventing postmenopausal bone loss by improving bone mineral calcification and 
the femoral neck width (Knapen et al., 2007). In addition, a direct link has been 
observed between MK-7 consumption and improved cardiovascular health. 
Supplementation of MK-7 has especially, shown to decrease arterial stiffness in 
postmenopausal women (Knapen et al., 2015). Therefore, interest in MK-7 has 
increased considerably over the past years and can be taken as the obvious choice 
to be included in multivitamin supplements for the prevention of these diseases 
(Cranenburg et al., 2007).  
MK-7 can only be produced through a fermentation process. Among the bacterial 
species used in MK-7 production, Bacillus subtilis is one of the most studied and 
recognised MK-7 producers (Sato et al., 2001b). Although many studies on MK-7 
production have been published using Bacillus subtilis, the fermentation process is 
still not sustainable enough. One of the complications, other than biofilm formation, 
is the low fermentation yield (Berenjian et al., 2015). 
Currently, nanoparticles are at the forefront of designing intensified bioprocesses 
with the combined advantages of reducing downstream processing and maximising 
the production of the target products (Ebrahiminezhad et al., 2016b). In terms of 
bioprocess intensification, nanoparticles have been used to decorate bacterial cells 
and magnetically separate and re-use them in the fermentation system, which 
essentially eliminates the downstream purification steps such as filtration and 
centrifugation (Ebrahiminezhad et al., 2016b; Sirkar et al., 2006). Stepping towards 
the designing of an intensified MK-7 production system, recently Bacillus subtilis 
cells have been magnetically immobilised with naked IONs and subsequently 
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recovered from the fermentation media with a high capture efficiency 
(Ebrahiminezhad et al., 2016b). In addition to reducing the number of downstream 
processing steps, magnetic immobilisation of Bacillus subtilis have further offered 
the advantages of good mass transport, catalytic stability (Ansari et al., 2009) and 
improved metabolic activity (Ebrahiminezhad et al., 2016b). Nevertheless, 
immobilisation with naked IONs has resulted in less cell densities and metabolic 
activity (Ebrahiminezhad et al., 2016b). Further, when naked IONs are used in 
biological systems, many problems are encountered, such as particle agglomeration, 
low stability, altered magnetic properties (Ranmadugala et al., 2017c) and 
cytotoxicity (Ranmadugala et al., 2017a). As interaction of bacteria with 
nanoparticles are governed by the properties of the bacterial cell wall as well as the 
physicochemical characteristics of the nanoparticles and culture conditions, it is 
crucial to choose IONs with surface properties which fulfil the fermentation goals, 
namely, high metabolic activity and biocompatibility. 
The current study, together with other previously recorded studies, show that 
amine-functionalised nanoparticles have more biological benefits than naked 
particles due to their biocompatibility, surface activity and chemical simplicity 
(Ebrahiminezhad et al., 2012a; Ebrahiminezhad et al., 2015; Ranmadugala et al., 
2017a). Compounds such as L-lysine, L-arginine and 3-aminopropyltriethoxysilane 
(APTES), which introduces amine functional groups to the nanoparticles, have been 
used to coat negatively charged nanoparticles, thereby increasing the chance of 
binding nanoparticles to the anionic cell membrane. Amine functionalised IONs are 
also reported to be more stable with good magnetic properties (Ebrahiminezhad et 
al., 2012b; Ranmadugala et al., 2017a). Previously, IONs coated with L-lysine had 
been reported to result in no significant inhibitory effect on MK-7 production and 
cell growth (Ebrahiminezhad et al., 2016b). However, it has now been reported that, 
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in comparison with L-lysine and L-arginine, coating of nanoparticles with APTES 
prevents the oxidation of nanoparticles and provides perfect protection for the 
crystal structure of nanoparticles (Ebrahiminezhad et al., 2012b). Therefore, the 
present study aimed to evaluate the effect of IONs@APTES on MK-7 biosynthesis 
during Bacillus subtilis fermentation. 
 
 Results 
 Effect of IONs@APTES on MK-7 production 
To explore the effect of IONs@APTES on menaquinone production by Bacillus 
subtilis, MK-7 production was compared in the absence and in the presence of 
varying concentrations of IONs@APTES (100-700 μg/mL). The relationship 
between IONs@APTES attachment to Bacillus subtilis cells and their effect on 
MK-7 production is shown in Figure 35.  
 
 
Figure 35 MK-7 production by Bacillus subtilis (ATCC 6633) in the presence of varying 
concentrations of IONs@APTES and in the absence of nanoparticles after 60 hours of 
fermentation. Values are mean ± standard error of three replicates. An asterisk indicates a 
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When the concentration of IONs@APTES was increased from 100 µg/ml to 
500 µg/ml in the fermentation media, MK-7 production increased from ~22 to 
~ 41 mg/L within 60 hours of Bacillus subtilis fermentation. However, when the 
concentration of IONs@APTES was increased beyond 600 µg/mL, the increase in 
MK-7 production was not significantly different from the control sample (p > 0.05). 
The highest MK-7 production of ~ 41 mg/L was 2-fold higher as compared to 
untreated bacteria. A typical HPLC chromatogram of MK-7 produced by Bacillus 
subtilis strain (ATCC 6633) in the presence of IONs@APTES (500 µg/mL) after 
60 hours of fermentation is shown in Figure 36. These results show the key role 




Figure 36 HPLC chromatogram (248 nm) of MK-7 in the culture of Bacillus subtilis 
(ATCC 6633) in the presence of IONs@APTES (500 µg/mL) after 60 hours of 
fermentation.  
 
 Effect of IONs@APTES on the growth of Bacillus subtilis 
(ATCC 6633) 
In order to test the hypothesis whether the increased MK-7 production is associated 
with an increase in cell densities in the presence of IONs@APTES, Bacillus subtilis 
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IONs@APTES (100-700 µg/mL) and in the absence of nanoparticles (Figure 37).  
 
 
Figure 37 Growth by Bacillus subtilis (ATCC 6633) in the presence of varying 
concentrations of IONs@APTES and in the absence of nanoparticles after 60 hours of 
fermentation. Values are mean ± standard error of three replicates. An asterisk indicates a 
significantly different value from the control (p < 0.05) 
 
Based on the results, the presence of IONs@APTES showed different effects on 
Bacillus subtilis growth. An increasing trend in Bacillus subtilis cell densities was 
observed with the increase in IONs@APTES concentration up to 500 µg/mL. 
However, there was no statistically significant difference between the samples 
decorated with 100-400 μg/mL of IONs@APTES as compared to control samples. 
A significantly high cell density was observed in the presence of 500 µg/mL of 
IONs@APTES (p < 0.05). Concentrations higher than 500 µg/mL of 
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 Effect of IONs@APTES on MK-7 yield 
The effect on IONs@APTES concentrations on MK-7 yield was further 
investigated and the results are shown in Figure 38. MK-7 yield was calculated 






Figure 38 MK-7 yield by Bacillus subtilis (ATCC 6633) in the presence of varying 
concentrations of IONs@APTES and in the absence of nanoparticles after 60 hours of 
fermentation. Values are mean ± standard error of three replicates. An asterisk indicates a 
significantly different value from the control (p < 0.05) 
 
The MK-7 yield was significantly higher in the presence of IONs@APTES in the 
range of 100-500 µg/mL as compared to Bacillus subtilis cells growing in the 
absence of nanoparticles (p < 0.05). Therefore, decoration of Bacillus subtilis cells 
with IONs@APTES has significantly influenced the MK-7 yield in a 
concentration-dependent manner. MK-7 fermentation yield increased by 
approximately 25%, 43%, 37%, 35%, 30% and 4% in the presence of 100-600 
µg/mL IONs@APTES. The highest MK-7 yield of 0.70 was obtained when 
Bacillus subtilis cells were grown in the presence of 200 µg/mL of IONs@APTES. 
The MK-7 yield in the absence of nanoparticles was found to be 0.49. Treatment 
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yield by approximately 43%. Therefore, 200 µg/mL of IONs@APTES can be taken 
as the optimum IONs@APTES concentration to obtain a high MK-7 yield during 
Bacillus subtilis (ATCC 6633) fermentation. 
 
 Time course of Bacillus subtilis fermentation in the presence of 
IONs@APTES  
Time course studies were carried out in order to monitor the cell growth, biofilm 
biomass, MK-7 production and pH in the medium consisting of 5% (w/v) yeast 
extract, 18.9% (w/v) soy peptone, 5% (w/v) glycerol, 0.06% (w/v) K2HPO4 and 






Figure 39 Time course of Bacillus subtilis (ATCC 6633) fermentation in the presence of 
200 µg/mL IONs@APTES (M1). Error bars indicate standard error of means of triplicate 
determinations 
 
According to the monitoring results, Bacillus subtilis growth increased in a 
time-dependent manner for about 60 hours and reached a maximum cell density of 
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fermentation and increased during the logarithmic phase (Figure 39-b). MK-7 
production still increased after Bacillus subtilis growth reached its highest level 
(Figure 39-a and b). A maximum MK-7 concentration of 37.36 mg/L was observed 
at 108 hours when the cell growth was already declining. The pH of the medium 
decreased from 7.19 to 6.34 during the first 12 hours, and increased gradually up to 
8.58 after 84 hours, following which it again decreased to 8.04 by the end of 
fermentation (Figure 39-c). Biofilm biomass increased with increasing cell 
densities and reached a maximum of 0.50614 g after 72 hours and started decreasing 
thereafter. Biofilm biomass reached a 0.47387 g at the end of fermentation at 120 
hours (Figure 39-d). 
 
 Discussion 
In this study, the effect of IONs@APTES on the fermentation yield of MK-7 using 
Bacillus subtilis (ATCC 6633) was investigated. Treatment with different 
concentrations of IONs@APTES significantly affected the MK-7 production 
(p < 0.05). In comparison to untreated cells, Bacillus subtilis cells decorated with 
IONs@APTES showed a significant increase in both MK-7 production and yield. 
An approximately twofold increase in menaquinone production (~ 41 mg/L) was 
observed in the presence of 500 µg/mL of IONs@APTES, as compared to MK-7 
production using untreated bacteria after 60 hours of fermentation of Bacillus 
subtilis (ATCC 6633) at 37°C and shaking at 120 rpm. It was, however, apparent 
that the increase in MK-7 concentration is not merely a reflection on cell density. 
Binding of IONs@APTES to Bacillus subtilis might have changed the state or 
composition of cell membranes, resulting in enhanced secretion of MK-7 to the 
fermentation medium as suggested by earlier reports (Ebrahiminezhad et al., 2016c; 
Liu et al., 2017).  
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Most importantly, IONs@APTES did not show any negative effect on Bacillus 
subtilis growth within the tested concentrations, indicating that IONs@APTES are 
clearly compatible with Bacillus subtilis cells. The attachment of NPs to bacteria 
are governed by physicochemical interactions between IONs@APTES and Bacillus 
subtilis cells. While some studies indicate a toxicity effect of positively charged 
NPs on bacteria, our previous study (Chapter 5.3.4) reports the attachment of NPs 
without showing any detrimental effect on microorganisms (Ranmadugala et al., 
2017a). The interaction of IONs@APTES with Bacillus subtilis cells, therefore, 
provides a brand-new domain for enhancing MK-7 production in Bacillus subtilis 
fermentation without resulting in any harmful effect on bacterial growth. Enhancing 
the production of MK-7 in Bacillus subtilis (ATCC 6633) through the application 
of nanotechnology has been previously attempted with naked IONs, as well as IONs 
coated with L-lysine (Ebrahiminezhad et al., 2016b; Ebrahiminezhad et al., 2016c), 
under the same experimental conditions. However, decoration of Bacillus subtilis 
cells with naked IONs and L-lysine-coated IONs resulted in lower MK-7 
concentrations as compared to untreated cells during a 5-day fermentation course 
(Ebrahiminezhad et al., 2016c). Therefore, in comparison to naked IONs and 
L-lysine-coated IONs, IONs@APTES provide a perfect platform for enhancing the 
MK-7 yield of the fermentation system. 
According to monitoring studies using 200 µg/mL IONs@APTES, production of 
MK-7 started after 24 hours and reached its maximum of 37.36 mg/L after 108 
hours. The results are in agreement with previous studies (Sato et al., 2001a; Song 
et al., 2014) indicating that the production of MK-7 is partly growth-associated. 
Time course fermentation studies showed that the pH of the medium decreased 
from 7.19 to 6.34 during the first 12 hours, and increased gradually to 8.18 after 48 
hours. This increase in pH might be a result of the production of ammonia during 
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the course of fermentation (Luo et al., 2016). However, the increase in pH showed 
no negative impact on the MK-7 yield or bacterial growth. It was apparent that the 
biofilm biomass at 60 hours was 0.49689 g which is in agreement with the results 
of section 5.2.3.2. The maximum biofilm biomass observed during the course of 
fermentation was 0.50614 g at 72 hours and the biofilm biomass decreased 
thereafter. Less biofilm biomass observed in the presence of 200 µg/mL 
IONs@APTES confirms the findings of the previous study where IONs@APTES 
might have changed the surface charge and surface binding potential of bacterial 
cells or act as a physical barrier for the attachment of bacterial cells to other surfaces 
thereby reducing pellicle biofilm biomass. IONs@APTES, therefore, offers the 
great advantage of reducing biofilms in Bacillus subtilis fermentation which would 
be advantageous in the sense that it would address the mass and heat transfer issues 
that might arise in a large-scale fermentation process and many other process 
complications in MK-7 production (Berenjian et al., 2013), and at the same time 
enhance MK-7 production in industrial menaquinone production.  
 
 Summary 
In this study, IONs@APTES was identified as a promising agent which enhances 
MK-7 production. Cultivation of Bacillus subtilis in the presence of IONs@APTES 
significantly enhanced the MK-7 production without showing any inhibitory effect 
on Bacillus subtilis growth. The highest percentage increase of 43% was observed 
upon treatment with 200 µg/mL IONs@APTES. Therefore, 200 µg/mL of 
IONs@APTES can be taken as the optimum nanoparticle concentration to obtain 
the highest MK-7 yield during Bacillus subtilis fermentation. This study provides a 
great promise for synthesis and application of IONs@APTES in cell immobilisation 
in future bioprocess engineering protocols to overcome the low product yield of 
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MK-7. Therefore, it is of utmost importance to consider the results of the present 
study for further development of an industrial level production system for MK-7 
using IONs@APTES.  
In connection with the previous study in Chapter 6 and the monitoring studies, a 
remarkable observation is that IONs@APTES resulted in a dual activity of reducing 
biofilm formation while enhancing MK-7 production. IONs@APTES at a 
concentration level of 200 μg/mL can, therefore, be taken as a promising carrier in 
the optimisation of the MK-7 fermentation process.
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 Introduction 
Nutrients have a marked effect on biofilm formation as well as MK-7 production 
by Bacillus subtilis. Berenjian et al. (2011) have previously developed an efficient 
medium for high MK-7 production. However, it is well documented that the 
presence of complex nutrients in liquid fermentation media influence bacterial 
attachment (Mceldowney & Fletcher, 1986a), and as a consequence biofilm 
formation has posed a major problem in the MK-7 production process (Berenjian 
et al., 2013). Reduction in biofilm formation would reduce costly periodic cleaning 
and improve mass transfer. Therefore, biofilm formation is an area worthy of 
serious attention in the MK-7 production process. Common strategies for biofilm 
control are the use of biocides and disinfectants which control biofilm formation by 
killing the microorganisms (Simões et al., 2010). However, in industrial production 
of MK-7, it is of utmost importance that the removal strategy for biofilm should not 
affect bacterial cell viability. Furthermore, previous studies have demonstrated a 
linear dependency of MK-7 production on biofilm formation (Berenjian et al., 
2013). Therefore, strategies to optimise the overall productivity of the MK-7 
production process with reduced biofilm formation and maximum MK-7 
production, while maintaining the biological activity of bacteria, can be achieved 
either by reducing biofilm attachment as demonstrated by our previous study 
(Ranmadugala et al., 2017a) or enhancing biofilm detachment (Chen & Stewart, 
2000).  
In addition to bacterial surface attachment, nutrient conditions in the medium can 
also greatly influence detachment (Chen, 1998). In this regard, it was hypothesised 
that the supplementation of the optimum medium for MK-7 production with 
nutrient components which would promote biofilm detachment might lead to low 
biofilm biomass and optimum overall productivity in the MK-7 production process. 
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Experimental evidence from the biofilm research field shows that biofilm 
detachment resides in the structural integrity of the biofilm (Picioreanu et al., 2001). 
The structural integrity of biofilms, in turn, results from a combination of forces 
including van der Waals forces, electrostatic and hydrophobic interactions (Chen & 
Stewart, 2000). Disruption of these forces can, therefore, bring about biofilm 
detachment. In recent years the use of monovalent and divalent cations has 
presented themselves as options for biofilm removal by changing the structure of 
the biofilm (Chen, 1998; Chen & Stewart, 2002; Chen & Stewart, 2000). Apart 
from the salts, there are indications that nitrogen source influences the amount and 
size of exopolysaccharides (Degeest & De Vuyst, 1999), which are a major 
component of the biofilm matrix. Urea, for example, is a well-known organic 
nitrogen as well as a carbon source which is said to speed up the growth of bacteria 
in many instances (Stanbury et al., 2013). While rapid growth rate itself can bring 
about biofilm biomass loss (Picioreanu et al., 2001), experimental evidence shows 
that urea can also act as a chaotropic agent which would disrupt the network of 
hydrogen bonding interactions responsible for biofilm cohesion (Chen & Stewart, 
2002; Chen & Stewart, 2000). Therefore, the aim of the present study was to 
optimise the cultivation medium composition to achieve the lowest possible biofilm 
biomass with highest possible MK-7 production. Optimisation of the production 
process was done in two steps. First, the effect of chemical treatment as a biofilm 
detachment strategy on biofilm formation and MK-7 production was investigated. 
Secondly, a combination of biofilm attachment and detachment strategies were used 
where chemical treatment and nanoparticle treatment were combined to see the 
effect on biofilm biomass and MK-7 production.  
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 Results 
 Screening the effect of chemical treatment on biofilm formation 
and MK-7 production  
In order to study the effect of salts and urea on biofilm formation and MK-7 
production, Bacillus subtilis (ATCC 6633) were grown in the optimum medium 
previously described by Berenjian et al. (2011) with added salts and urea. When 
selecting parameters that would reduce/remove biofilm formation, the main 
consideration was the parameters that would reduce/remove biofilm formation 
without showing any detrimental effect on bacterial growth.  
The initial screening process was carried out using Design of Experiment (DOE) 
methodology with three different variable factors: NaCl, CaCl2, and urea. The three 
distinct variables were exploited to investigate the most important factors for 
reducing biofilm biomass and increasing MK-7 production. Experimental range and 
levels of independent variables used for the full factorial design are presented in 
Table 5. Concentrations of these variables that were used in the experimental design 
and the two responses of biofilm formation and MK-7 production are presented in 
Table 6. Statistical analysis is provided in Table 7 to demonstrate the main effective 
factors on biofilm formation and MK-7 production. The linear regression 
coefficient (R2) was 0.984 and 0.963 for MK-7 production and biofilm biomass, 
respectively. The R2 adj values for MK-7 production and biofilm biomass are 0.960 
and 0.907 respectively. The data show the validity of the two models, which is 
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Table 5 Nutrient levels for microbial production of MK-7 and biofilm 
biomass - Full-Factorial design 
Variable 
number 
Variable name Value 






X1 NaCl 0 0.5 1 
X2 CaCl2 0 0.5 1 
X3 Urea 0 2.5 5 
 
Table 6 The effect of selective variables on MK-7 production and biofilm biomass of 
Bacillus subtilis (ATCC 6633) 










1 0 (-1) 0 (-1) 0 (-1) 22.94 0.76637 
2 1 (+1) 0 (-1) 0 (-1) 21.91 0.74428 
3 0 (-1) 1 (+1) 0 (-1) 15.81 0.44331 
4 1 (+1) 1 (+1) 0 (-1) 12.42 0.42380 
5 0 (-1) 0 (-1) 5 (+1) 13.09 0.57875 
6 1 (+1) 0 (-1) 5 (+1) 11.17 0.54652 
7 0 (-1) 1 (+1) 5 (+1) 12.38 0.38612 
8 1 (+1) 1 (+1) 5 (+1) 6.78 0.43780 
9 0.5 (0) 0.5 (0) 2.5 (0) 16.36 0.51557 
10 0.5 (0) 0.5 (0) 2.5 (0) 14.32 0.48102 
11 0.5 (0) 0.5 (0) 2.5 (0) 15.12 0.49195 
a values are expressed in (% w/v) 
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Table 7 Statistical analysis of full factorial design matrix for MK-7 production and biofilm 
biomass 
Term MK-7 (mg/L) a Biofilm biomass (g) b 
coefficient Standard 
error 
P value coefficient Standard 
error 
P value 
constant 14.7546 0.2780 7.5491e-007 
 
0.5287 0.0115 1.3339e-006 
X1 -1.4946 0.3260 0.0102 
 
-0.0028 0.0135 0.8472 
X2 -2.7133 0.3260 0.0011 
 
-0.1181 0.0135 0.0009 
X3 -3.7080 0.3260 0.0003 
 
-0.0536 0.0135 0.0164 
X1X2 -0.7551 0.3260 0.0815 
 
 0.0108 0.0135 0.4672 
X1 X3 -0.3876 0.3260 0.3003 
 
 0.0076 0.0135 0.6014 
X2 X3  1.4393 0.3260 0.0116  0.0428 0.0135 0.0337 
 
a R2 = 0.984, R2 adj 0.960, significance code : p < 0.05  
b R2 = 0.963, R2 adj 0.907, significance code : p < 0.05  
 
The monovalent salt (NaCl) and the divalent salt (CaCl2) were evaluated to find out 
the influence on MK-7 production and biofilm formation. As illustrated in Table 7 
and Figure 40, the presence of NaCl had no significant impact on biofilm formation 
by Bacillus subtilis (p > 0.05). However, the presence of CaCl2 significantly 
reduced the biofilm biomass (p < 0.05). According to the coefficient plots, CaCl2 
showed the greatest influence on biofilm biomass. The presence of NaCl and CaCl2 
both, however, showed a significant negative effect on MK-7 production (p < 0.05). 
According to the screening results, the presence of urea significantly reduced the 
biofilm biomass (p < 0.05) (Figure 40 and Table 7). Further, the presence of urea 
showed a negative effect on MK-7 production. However, the presence of urea 
together with CaCl2 showed a positive effect on MK-7 production. Based on these 
results, CaCl2 and urea were used as variables for the optimisation of the MK-7 
production process. 
 
Reduced Biofilm Formation and Enhanced MK-7 Production by Optimizing Cultivation Medium Chapter 8 
141 
 
Figure 40 Scaled and centred plots for biofilm biomass and MK-7 production from 
screening studies. 
 
 Optimisation of chemical treatment on biofilm formation and 
MK-7 production 
In the second phase, a full factorial central composite face design (CCD) was 
applied to optimise the significant effective factors chosen from the screening step. 
MODDE software version 11 (Umetrics, Sweden) was used for statistical analysis. 
 
 Statistical analyses and interpretation using Response Surface 
Methodology (RSM) 
The statistical analysis of this research was performed using RSM by a CCD design. 
Experimental conditions for the central composite face design and responses for 
MK-7 and biofilm biomass (for both original and scaled factors) are given in Table 
8.  
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Table 8 Experimental conditions for the central composite face design (CCD) and 



















1 0.1 (-1) 0.1(-1) 23.41 23.06 0.64438 0.65639 
2 0.9 (+1) 0.1 (-1) 14.66 14.54 0.47595 0.48801 
3 0.1(-1) 4.9 (+1) 14.97 15.36 0.55708 0.55786 
4 0.9 (+1) 4.9 (+1) 14.38 14.99 0.50126 0.50209 
5 0.1 (-1) 2.5 (0) 21.91 21.88 0.67023 0.65744 
6 0.9 (+1) 2.5 (0) 17.94 17.43 0.55824 0.54536 
7 0.5 (0) 0.1 (-1) 14.27 14.74 0.47372 0.44965 
8 0.5 (0) 4.9 (+1) 12.14 11.13 0.40904 0.40743 
9 0.5 (0) 2.5 (0) 15.55 15.60 0.47512 0.47885 
10 0.5 (0) 2.5 (0) 14.94 15.60 0.46414 0.47885 
11 0.5 (0) 2.5 (0) 15.75 15.60 0.47160 0.47885 
 
Individual factors and their interaction effects on MK-7 production and biofilm 
formation were determined, and statistical models were created to obtain the 
optimum conditions to minimise biofilm formation and maximise MK-7 production. 
Quadratic models are proposed.  Statistical analysis of central composite face 
design experiments and the summary of the ANOVA results of the model fitting is 
shown in Table 9 and Table 10 respectively. 
 
Table 9 Statistical analysis of the central composite face design experiments 
Term MK-7 production (mg/L) a Biofilm biomass (g) b 
coefficient Standard 
error 
p value coefficient Standard 
error 
p value 








































































X1 Calcium chloride, X2  Urea 
 
a R2 = 0.978, R2 adj 0.955, significance code : p < 0.05  
b R2 = 0.977, R2 adj 0.954, significance code : p < 0.05  
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Table 10 Analysis of variance for the quadratic models 
Source of 
variation 
Biofilm biomass (g) MK-7 production (mg/L) 
DF SS MS SD F P DF SS MS SD F P 
Total 
corrected 
















































P lack of fit 0.0628     0.0948     
DF lack of 
fit 
3      3     
 
For both the model equations, F-values of 43.4574 and 42.8068 for MK-7 and 
biofilm biomass respectively imply that the models are significant. Values of P less 
than 0.05 indicate model terms are significant. In this case, all the model terms i.e. 
X1, X2, X12, X22 and X1X2 are significant for MK-7 and biofilm biomass. The 
empirical relationships between the two responses (MK-7 production and biofilm 
biomass) and the variables (CaCl2 and urea concentration) were built and are shown 
by the following regression equations (Equations 7 and 8). 
 
Y1 = 15.598 -2.2215 X1 – 1.80768 X2 + 4.05598 X12 - 2.66436 X2 2 + 2.03915 X1X2                             (7) 
Y2 = 0.478847 – 0.05604X1 – 0.0211117 X2 + 0.122548 X12  - 0.0503071 X22 + 0.0281525X1X2          (8)  
 
Y1 and Y2 are the predicted values of MK-7 and biofilm biomass respectively and 
X1, X2 represents CaCl2 and urea concentration respectively. Figure 41 shows the 
response contour plots based on Equation (7) and (8) to visualise the influence of 
the effective variables on biofilm formation and MK-7 production. 
Correspondingly, the model's equation (7) and (8) assumed that the highest MK-7 
production (17.53 mg/L) and lowest biofilm biomass (0.51 g) could be achieved 
using 0.32% (w/v) CaCl2 and 0.10% (w/v) urea, respectively. As can be seen from 
Figure 41, biofilm biomass decreased with the increase in CaCl2 and urea 
concentrations. Increasing the percentage of urea in the medium up to 2.25% (w/v) 
resulted in higher MK-7 production. However, a further increase in urea 
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concentration reduced the MK-7 production. Therefore, MK-7 can be improved by 
adding an optimal amount of urea, which acts as a source of nitrogen in the 
microbial metabolic pathway. According to the results, CaCl2 and urea were found 
to be crucial factors to influence both biofilm formation and MK-7 production. 
Biofilm biomass can be markedly reduced by adding CaCl2 and urea.  
 
Figure 41 Response contour plots for the biofilm biomass and MK-7 production.  
 
 Model validation  
In order to evaluate the predicted optimal conditions from the models, a verification 
test was conducted using the two independent variables: CaCl2 and urea 
concentrations. The experimental conditions used for the validation experiment are 
given in Table 11. The test was performed in triplicate.  
Table 11 Validation experiment conditions 
Experiment CaCl2 % (w/v) Urea % (w/v) 
validation 0.32  0.10 
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Results of the validation test are given in Table 12. The MK-7 production and 
biofilm biomass were similar to predicted values from the model with 2% and 8% 
variation respectively. The outstanding correlation between predicted and measured 
values verified the model accuracy for these experiments. 
 
Table 12 Percentage variation of biofilm biomass and MK-7 from the predicted values 
 Verification test Predicted values % variation 
Biofilm biomass 
(g) 
0.55 ± 0.02 0.51 8% 
MK-7 production 
(mg/L) 
17.98 ± 0.41 17.53 2% 
 
 Time course of Bacillus subtilis fermentation in the presence of 
CaCl2 and urea 
Based on the results, fermentation experiments were performed for 120 hours to 
monitor the production of biofilm biomass, MK-7 production, bacterial growth, and 
pH in the nutrient medium consisting of 5% (w/v) yeast extract, 18.9% (w/v) soy 
peptone, 5% (w/v) glycerol, 0.06% (w/v) K2HPO4, 0.32% (w/v) CaCl2 and 0.10% 
(w/v) urea. This medium is named as M2. 




Figure 42 Time course of Bacillus subtilis (ATCC 6633) fermentation in the presence of 
0.32% (w/v) CaCl2 and 0.10% (w/v) urea (M2).  
 
As can be concluded from Figure 42-a, a rapid growth of Bacillus subtilis was seen 
in the presence of CaCl2 (0.3%, w/v) and 0.10 % (w/v) urea during the first 48 hours. 
Cell density reached a maximum of 45.76 (OD600 nm) at 48 hours and started to 
decline thereafter (Figure 42-a). The rate of accumulation of biofilm biomass was 
less after 60 hours of fermentation. The maximum biofilm biomass was 0.58163 g 
at 72 hours of fermentation (Figure 42-b). MK-7 production increased rapidly after 
the cell density reached its maximum at 48 hours and peaked at 30.83 mg/L after 
84 hours of fermentation (Figure 42-c). The pH of the medium decreased from 7.1 
to 6.3 during the first 12 hours and gradually increased up to 9.12 thereafter with 
the increase in cell growth. A slight decrease in pH was seen after the cell growth 
was at the maximum level (Figure 42-d). A ~27% reduction in biofilm biomass was 
found in the medium M2 supplemented with 0.32% (w/v) CaCl2 and 0.10% (w/v) 
urea after 60 hours of fermentation. However, a ~22% reduction in MK-7 
production was also observed in this medium. 
a b 
c d 
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 Optimisation of the composition of the cultivation medium for 
reduced biofilm formation and enhanced MK-7 production 
In order to develop an optimum medium with reduced biofilm formation as well as 
with highest possible MK-7 production, the M2 medium was supplemented with 
the optimum concentration of IONs@APTES (200 µg/mL). This medium was 
designated as M3 which consisted of 5% (w/v) yeast extract, 18.9% (w/v) soy 
peptone, 5% (w/v) glycerol, 0.06% (w/v) K2HPO4, 0.32% (w/v) CaCl2, 0.10% (w/v) 
urea and 200 µg/mL IONs@APTES. All experiments were carried out in triplicate. 
 
Figure 43 Time course of Bacillus subtilis (ATCC 6633) fermentation in the presence of 
0.32% (w/v) CaCl2, 0.10% (w/v) urea and 200 µg/mL of IONs@APTES (M3). 
 
As can be seen from Figure 43-a, a rapid growth of Bacillus subtilis was seen in the 
presence of 0.32 % (w/v) CaCl2, 0.10 %, (w/v) urea and 200 µg/mL IONs@APTES 
during the first 48 hours. Cell density reached a maximum of 45.6 (OD600) at 60 
hours and started to decline thereafter. A rapid increase in biofilm biomass was seen 
within 40 hours of cultivation (43-b). However, the rate of biomass accumulation 
was low after 40 hours. The maximum biofilm biomass observed was 0.45392 g at 
a b 
c d 
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84 hours of fermentation. MK-7 concentration reached its maximum at 84 hours 
and peaked at 40.60 mg/L (43-c). The pH of the medium decreased from 7.15 to 
6.39 during the first 12 hours and gradually increased up to 7.7 followed by a slight 
drop in pH to 6.97 at 60 hours after the cell growth was at the maximum level and 
increased thereafter (43-d). The behaviour of the three culture systems (M1, M2 
and M3) are represented in Figure 44.  
Figure 44 Comparative analysis of biofilm biomass, MK-7 production, cell growth and pH 
in M1, M2 and M3. 
 
Comparative analysis of biofilm biomass in M1 (medium with IONs@APTES), M2 
(medium with CaCl2 and urea) and M3 (medium supplemented with IONs@APTES, 
CaCl2 and urea), showed a minimum pellicle biofilm biomass in the M3 medium 
which is supplemented with IONs@APTES, CaCl2 and urea. The maximum biofilm 
biomass observed in M3 was 0.45392 g which was 0.12771 g less than the 
a b 
c d 
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maximum biofilm biomass in M2 and 0.05222 g less than the maximum biofilm 
biomass in M1 (Figure 44-a.). 
Most convincingly, the highest MK-7 production of 40.60 mg/L was seen in the 
medium supplemented with IONs@APTES, CaCl2 and urea (M3) at 84 hours. This 
amount was greater than the MK-7 production in M2 (30.83 mg/L) which peaked 
at 84 hours and in M1 (37.36 mg/L) which peaked at 108 hours of fermentation 
(Figure 44-b). MK-7 production was significantly less when in the absence of 
IONs@APTES. In addition, the comparative analysis of the growth of Bacillus 
subtilis in all three media showed that high cell densities could be achieved within 
48 hours of fermentation in the medium supplemented with IONs@APTES, CaCl2 
and urea (M3) (Figure 44-c). A significant drop in the pH was observed during the 
first 12 hours of fermentation in all three media. In the M3 medium with CaCl2, 
urea and IONs@APTES, a drop in pH was observed again at 60 hours whereas the 
pH increased at 72 hours in the medium supplemented with CaCl2, urea (Figure 
44-d). The results indicated that M3 is the optimum medium which can result in the 
lowest biofilm formation and the highest MK-7 production. 
In comparison with controlled conditions without added CaCl2, urea and 
IONs@APTES, the medium M3 supplemented with 0.32% (w/v) CaCl2, 0.10% 
(w/v) urea and 200 µg/mL IONs@APTES showed approximately 47% reduction in 
biofilm biomass and most importantly, ~ 16% increase in MK-7 production after 
60 hours of fermentation in comparison to medium without added CaCl2, urea and 
IONs@APTES. 
A typical HPLC chromatogram of MK-7 produced by Bacillus subtilis strain 
(ATCC 6633) in the optimum medium (M3) is shown in Figure 45. 
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Figure 45 HPLC Chromatogram of MK-7 in the culture of Bacillus subtilis in the optimum 
medium designed in this study after 60 hours of fermentation. HPLC conditions are 
described in the section on materials and methods.  
 
 Discussion 
Biofilm formation and MK-7 production by Bacillus subtilis can be greatly 
influenced by medium components. In Bacillus subtilis fermentation, main 
consideration was therefore given to the parameters which would reduce biofilm 
biomass without killing the bacteria. In this regard, the first phase of the study was 
geared towards developing a biofilm detachment strategy by changing the biofilm 
structure/interfering with biofilm crosslinking forces. Therefore, in the initial 
screening study, salts (monovalent cationic salts, divalent cationic salts) and urea 
were selected as variables based on their ability to interfere with the structural 
integrity of biofilms without affecting the viability of the bacterial cells. The effect 
of three types of variables i.e. two types of salts namely NaCl, and CaCl2, and urea 
on biofilm formation and MK-7 production were investigated. Prior to the screening 
study, a preliminary study was carried out to have a rough estimation of parameter 
ranges.  
Disruption of the forces that maintain the structural integrity of biofilms, such as 
the electrostatic and hydrophobic interactions, is said to bring about biofilm 
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the presence of CaCl2 significantly reduces the biofilm biomass. These findings 
were similar to the previous studies where CaCl2 is said to reduce the biofilm by 
disrupting biofilm crosslinking forces such as electrostatic interactions and 
destroying structural biofilm components (Chen, 1998; Chen & Stewart, 2000). 
There are other reports showing that calcium can increase bacterial adhesion in a 
concentration-dependent manner (Turakhia et al., 1983). However, Das et al. (2014) 
report that Ca2+ can increase biofilm biomass only in the presence of eDNA (Das et 
al., 2014), and the response could vary depending on the bacterial strain (Larsen et 
al., 2007) and their growth stage (Tian et al., 2012).  
The presence of urea also contributed to less biofilm biomass in this study. Apart 
from the electrostatic interactions, hydrogen bonding is also regarded as a major 
cohesive force which plays a major role in maintaining the integrity of the biofilm 
structure. The results of this study are in agreement with the findings of Chen and 
Stewart, who demonstrated that treatment with 2M Urea reduces biofilm viscosity 
by 46% by disrupting the hydrogen bonding network between water molecules 
(Chen & Stewart, 2002; Chen & Stewart, 2000). The presence of urea might have 
also influenced the amount and size of exopolysaccharides, which are a major 
component of the biofilm matrix which biofilm bacteria are being held as described 
previously by Degeest and De Vuyst (1999). In addition to the contribution towards 
reducing biofilm biomass, urea might have also acted as a carbon and an organic 
nitrogen source which speed up the growth (Stanbury et al., 2013). However, the 
effect of urea on the growth of Bacillus subtilis is concentration dependent. It has 
been reported that concentrations of urea above 4% (w/v) would lead to no growth 
or cell division (Valentine & Bradfield, 1954).  
According to our study, NaCl was not effective as a nutrient to reduce biofilm 
biomass although earlier reports suggested that NaCl promotes biofilm detachment 
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(Chen & Stewart, 2002; Chen & Stewart, 2000) as well as reduces bacterial gel 
strength of extracellular polymeric substances (Gordon et al., 1991). In terms of 
MK-7 production, it was apparent that the interaction of urea with CaCl2 had a 
significantly positive impact on MK-7 production (p < 0.05).  
In this study, the optimum conditions to minimise biofilm formation while 
maximising MK-7 production was predicted by response surface methodology 
successfully. The models assumed the lowest biofilm biomass (0.51 g) and highest 
MK-7 production (17.96 mg/L) could be achieved at 0.32% (w/v) CaCl2 and 0.10% 
(w/v) urea. The predicted values were justified by a verification test. According to 
the results, biofilm detachment might have been brought about by 1) loss of biofilm 
strength or loosening of biofilm structure, or 2) change in the texture of the biofilm. 
These results are in agreement with the studies which reported that bacterial 
detachment can be manipulated using monovalent and divalent cations and urea 
(Chen, 1998; Chen & Stewart, 2002; Chen & Stewart, 2000). 
In the second phase of the study, the optimum nutrient medium was supplemented 
with the optimum IONs@APTES (200 µg/mL) and the behaviour of the culture 
system was monitored. The optimum medium supplemented with IONs@APTES 
showed elevated levels of MK-7 with minimum biofilm formation. Comparative 
studies showed that although the biofilm developed faster at the early stages in the 
optimum medium (M3), the biofilm biomass was less and it showed higher 
instability after 36 hours. These results are in agreement with previous studies 
where it has been shown that microbial detachment depends on microbial growth 
rate and high microbial growth rates would lead to instability in biofilm 
accumulation and would trigger biomass loss (Picioreanu et al., 2001). It is evident 
that the presence of IONs@APTES has also contributed to the lower biofilm 
biomass in agreement with our previous observations (section 5.2.3) where 
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IONs@APTES can reduce bacterial attachment by changing the surface binding 
potential of Bacillus subtilis and also by acting as a physical barrier for surface 
attachment (Ranmadugala et al., 2017a). 
In addition, previous reports suggest that changes in pH can also influence the 
biofilm structure. For example, a slight decrease in pH was seen after the cell 
growth was at the maximum level, a possible explanation for which is the 
conversion of organic substances to volatile fatty acids and poorly-soluble gases, 
both weakening the biofilm structure (Applegate & Bryers, 1991). Further, it has 
also been shown that oxygen limited biofilms with higher Ca2+ concentration 
exhibit shear removal rates (Applegate & Bryers, 1991). Although the chemical 
basis is unknown, it was evident that the presence of monovalent and divalent salts 
together with urea and IONs@APTES have changed the attachment and 
detachment properties of Bacillus subtilis biofilm biomass.  
It was evident that the presence of CaCl2 and urea together had a positive effect on 
MK-7 production. It can, therefore, be speculated that these nutrients might have 
boosted up bacterial metabolism. Elevated levels of MK-7 were observed in the 
optimum medium (M3) which confirms the results of our previous study 
(section 7.2.1) where IONs@APTES might have changed the state/composition of 
the bacterial cell membrane resulting in enhanced synthesis and secretion of MK-7 
(Ebrahiminezhad et al., 2016c; Liu et al., 2017; Ranmadugala et al., 2017b). 
The feasibility of reducing biofilm formation and maximising MK-7 production 
using CaCl2, urea and IONs@APTES was confirmed in the present study. This 
chapter has an important outcome since the approach presented here can be applied 
to biofilm control in any type of bioreactor in order to reach the optimal desirable 
properties for different applications. 
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 Summary 
In the present study, the culture medium was optimised to address the problem of 
biofilm formation while maximising the MK-7 production. Calcium chloride and 
urea were found to be effective in influencing both biofilm formation and MK-7 
production. It was evident that CaCl2 and urea significantly reduced biofilm 
biomass while these two nutrients together had a positive effect on MK-7 
production. The presence of 200 µg/mL of IONs@APTES in addition to CaCl2 and 
urea in the medium (M3) showed elevated levels of MK-7, which confirms that the 
presence of IONs@APTES in the optimum medium may have changed the state of 
the cell membrane leading to enhanced synthesis and secretion of MK-7. The 
optimum medium, which would result in minimum biofilm formation and 
maximum MK-7 production, consisted of 5% (w/v) yeast extract, 18.9% (w/v) soy 
peptone, 5% (w/v) glycerol, 0.05% (w/v) K2HPO4, 0.32% (w/v) CaCl2, 0.10% (w/v) 
urea and 200 µg/mL IONs@APTES. Approximately ~ 47% reduction in biofilm 
biomass and ~ 16% increase in MK-7 production was observed after 60 hours of 
fermentation in comparison to the medium without added CaCl2, urea and 
IONs@APTES. The feasibility of reducing biofilm formation and maximising 
MK-7 production in Bacillus subtilis fermentation while maintaining the growth of 
the bacterium in the optimum medium supplemented with CaCl2, urea and 
IONs@APTES was confirmed in this study. The proposed treatments generally can, 
therefore, be applied to minimise biofilm formation while maximizing the MK-7 
production in the Bacillus subtilis fermentative system. Using this medium, the 
feasibility of designing a milking process in the MK-7 fermentation system is 
assessed in the next chapter.
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 Introduction 
Menaquinone (vitamin K2) comprise a class of therapeutic agents that significantly 
improve the treatment options for a variety of diseases in addition to their role in 
blood clotting. MK-7 especially is important for the treatment and prevention of 
coronary heart diseases (Beulens et al., 2009; Gast et al., 2009; Knapen et al., 2015), 
rheumatoid arthritis (Abdel-Rahman et al., 2015) osteoporosis (Shiraki et al., 2000; 
Yamaguchi et al., 2000) and cancer (Shi et al., 2018). MK-7 can be mainly 
produced via fermentation process of Bacillus subtilis at very low concentrations. 
In this regard, a number of different approaches have been taken to enhance the 
MK-7 production. As MK-7 is a membrane compound, MK-7 enhancing strategies 
are currently centred towards changing membrane permeability or membrane 
composition (Ebrahiminezhad et al., 2016c; Liu et al., 2017; Ranmadugala et al., 
2017b). In Chapter 7, a nanobiotechnological approach was taken to enhance MK-7 
production where Bacillus subtilis cells were immobilised with 
3-aminopropyltriethoxysilane coated iron oxide nanoparticles to enhance MK-7 
production while maintaining the growth of bacterial cells (Ranmadugala et al., 
2017b).  
Menaquinones are synthesised through the shikimate pathway (Taguchi et al., 1991) 
and known to be a major component in the photochemical electron-transport system. 
Therefore, the synthesis of MK-7 is essential for the survival of bacteria. 
Menaquinone productivity is, however, restricted by the intracellularly level of MK, 
causing metabolic repression of menaquinone biosynthesis as MK is involved in 
the feedback inhibition of 3-deoxy- D-arabino-heptulosonate-7-phosphate (DAHP) 
synthase and shikimate kinase, the regulatory enzymes of the shikimate pathway 
(Taguchi et al., 1991). It was recently reported that when bacterial cells are induced 
to secrete excessive menaquinone (MK-4) extracellularly, the MK can be kept 
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below the level of feedback inhibition of DAHP synthase (Taguchi et al., 1991), 
leading to improvement in total menaquinones (Liu et al., 2014). Although a 
feedback inhibition by MK-7 on DAHP synthase is not recorded, it is possible that 
that MK-7 production could be enhanced in a similar manner by removing the 
excess MK-7 by milking with biocompatible organic solvents. In addition, it is 
reported that bacteria are under metabolically challenged conditions upon treatment 
with organic solvents, leading to increased oxygen uptake/respiration rate due to 
modifications in cell physiology and/or surface characteristics as an adaptive 
response (Fletcher, 1983). In either case, it was hypothesised that bacteria should 
produce more MK-7 to compensate the loss of electron transport activity upon 
milking of MK-7 with biocompatible organic solvents from the fermentation 
medium.  
Milking of cows essentially allows the biomass to be continuously reused for milk 
production. This principle has been used as a novel biotechnological process to milk 
products from microorganisms where cells have been reused continuously, without 
the need for harvesting, concentrating and destroying the cells to extract the 
products (Frenz et al., 1989; Hejazi et al., 2002; Hejazi et al., 2004; Hejazi & 
Wijffels, 2004; Sauer & Galinski, 1998). The objective of the present study was, 
therefore, to investigate whether milking of MK-7 with biocompatible organic 
solvents would allow the continuous biosynthesis of MK-7 at maximum production 
levels without showing any detrimental effects on microbial growth and 
metabolism. The study was conducted in two stages. The objective of the first stage 
was to find a biocompatible solvent/s which can be used to extract MK-7 while 
maintaining the viability of the bacterial cells. In the second stage, MK-7 
production was evaluated upon milking of MK-7 with the selected biocompatible 
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organic solvents. All experiments were performed at 37°C and shaking at 120 rpm 
in the optimum medium previously described in section 8.2.5. 
 Results 
 Common vitamin K extraction solvents  
Solvents commonly used for vitamin K extraction were reviewed and listed in Table 
13. It was apparent that in most cases, a polar solvent together with a non-polar 
solvent has been used for MK-7 extraction to facilitate good recoveries. 
Table 13 Common vitamin K extraction solvents 
Type of vitamin 
K 
Solvents Proportion (v/v) Reference 
MK-7 Sample: (mixture of 2-propanol: 
n-hexane) 
1: 3(3:2) (Canfield et al., 
1991; Canfield 
et al., 1990) 
PK and MK-6 Sample: 2-propanol: n-hexane 6.5:1:2 (Langenberg et 
al., 1986) 
PK and MK Sample: 2-propanol: n-hexane 1:5:6 (Hirauchi et al., 
1989) 
MK-4 to MK-10 Sample: ethanol: n-hexane: 
diethyl ether 
(1:1:3:3)  (Shino, 1988) 
Lipoquinones Sample: methanol: n-hexane (1:2:1) (Tindall et al., 
1989) 
MK Sample: (methanol: aqueous 
NaCl): petroleum ether 
(60-80°C) 
1:4 (10:1):4 (Athalye et al., 
1984; Minnikin 
et al., 1984; 
Saddler et al., 
1986) 
MK (MK-4 to 
MK-9) 




PK, MK (MK-6, 
MK-7 and MK-8) 
Sample: (chloroform: methanol): 
n-hexane 
0.5:40(3:1):15 (Hodges et al., 
1993) 
MK Sample: methanol-light 
petroleum mixture: light 
petroleum 
0.5:3(3:2):1 (Křivánková & 
Dadák, 1980) 
MK-7 Sample: 2-propanol: n-hexane 3:4:8 (Sato et al., 
2001a) 
MK-7 Sample: ethanol: water: NH4OH: 
n-hexane 
1:4:2:0.2:7.5 (Lambert et al., 
1992) 
MK Sample: water: (2-propanol: 
n-hexane) 
0.2:10:15 (3:2) (Karl et al., 
2014) 
PK and MK Sample: n-hexane 1:1 (Jakob & 
Elmadfa, 1996, 




Sample: petroleum ether 
(60-80°C)  
1:1 (Bentley & 
Meganathan, 
1982) 
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Review of commonly used MK-7 extraction solvents shows that almost all the 
studies have used either 2-propanol, methanol or ethanol as a polar solvent in the 
extraction solvent mixture. In most of the studies n-hexane has been the choice as 
a non-polar solvent whereas, in few studies, petroleum ether has been used as a 
non-polar solvent.  
 
 Effect of milking on the viability of Bacillus subtilis 
In order to find out biocompatible organic solvent/s for milking MK-7, organic 
solvent tolerance of Bacillus subtilis was determined on the basis of the change in 
Live/dead ratio of bacterial cells upon periodic milking with organic solvent/s. The 
change in the viability of bacteria was determined after milking with organic 
solvents at 40 and 48 hours. Experiments were performed in two phases. In phase 
one, organic solvent mixtures which have been used previously for MK-7 extraction 
were evaluated for their ability to retain the viability of Bacillus subtilis cells upon 
milking for MK-7. In the second phase, modified solvent mixtures were used to test 
their toxicity to bacterial cells. Milking was then continued for a cultivation period 
of 84 hours with the selected biocompatible solvents and the change in Bacillus 
subtilis viability was investigated. 
 
Phase I 
Change in the viability of Bacillus subtilis (ATCC 6633) upon milking with 
solvent mixtures previously used for MK-7 extraction  
 
Milking of MK-7 from the fermentation medium at 40 hours with previously 
recorded MK-7 extraction solvents resulted in a loss of Bacillus subtilis cell 
viability other than when milking was carried out with a mixture of ethanol: 
n-hexane: diethyl ether (1:3:3, v/v), and n-hexane alone. However, subsequent 
incubation of the cultures following milking at 37°C with shaking at 120 rpm for 8 
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hours and milking again with the solvent systems at 48 hours, resulted in a 
significant reduction in Bacillus subtilis viability (p < 0.05) when a mixture of 
ethanol: n-hexane: diethyl ether (1:3:3, v/v) was used. Nevertheless, no significant 
changes to the viability were apparent upon milking with n-hexane alone.  
 
Phase II 
Change in the viability of Bacillus subtilis (ATCC 6633) upon milking with 
modified solvent mixtures 
In the second phase modified solvent mixtures along with n-hexane were used for 
milking MK-7 and their effect on the bacterial cell viability was assessed. Solvent 
mixtures used in the second phase are listed in Table 14. Bacterial cell viability after 
milking with organic solvents are given in Figure 46. 
 
Table 14 Modified solvent mixtures and the ratios used for milking MK-7 
 Volume ratio 
1 Sample: n-butanol:n-hexane (3:2:1) 
2 Sample: n-butanol: n-hexane :diethylether (1:1:3:3) 
3 Sample: n-hexane (1:1) 
4 Sample: n-butanol:n-hexane (3:1:2) 
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Figure 46 Change in the viability of Bacillus subtilis (ATCC 6633) upon milking with 
modified MK-7 extraction solvents in comparison to non-milking conditions (control). 
Data are the means ±  standard error of three replicates. An asterisk indicates a significantly 
different value from the control (p < 0.05) 
 
The results indicated that a mixture of n-butanol:n-hexane (1:2, v/v) and n-hexane 
alone can be used for milking MK-7 without any significant reduction in bacterial 
cell viability (p > 0.05), while the other two solvent mixtures reduced the viability 
of Bacillus subtilis cells upon periodic milking of MK-7 from the bacterial cultures 
(p <  0.05). Therefore, milking was continued with a mixture of n-butanol: n-hexane 
(1:2, v/v) and n-hexane over a cultivation period of 84 hours and the change in 























sample: n-butanol: n-hexane, 3:2:1 (v/v)
sample: n-butanol: n-hexane: diethylether, 1: 1: 3: 3 (v/v)
sample: n-hexane, 1: 1, (v/v)
sample: n-butanol: n-hexane, 1: 1: 2 (v/v)
* *
* *
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Change in Bacillus subtilis viability upon milking of MK-7 with n-hexane and 
a mixture of n-butanol: n-hexane (1:2, v/v) over a cultivation period of 84 hours  
 
Change in the cellular viability of Bacillus subtilis (ATCC 6633) over a cultivation 
period of 84 hours assessed by a LIVE/DEAD viability assay is given in Figure 47.  
 
 
Figure 47 Change in the viability of Bacillus subtilis upon milking with n-hexane and a 
mixture of n-butanol: n-hexane (1:2, v/v) in comparison to non-milking conditions (control). 
Data are the means ± standard error of three replicates. An asterisk indicates a significantly 
different value from the control (p < 0.05) 
 
According to the results, periodic milking with n-hexane did not show any 
detrimental effect on the viability of Bacillus subtilis up to 84 hours. Milking with 
a mixture of n-butanol: n-hexane (1:2, v/v) did not change the viability of Bacillus 
subtilis initially; however, periodic milking of MK-7 with a mixture of n-butanol: 
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 Effect of milking on MK-7 production 
In the next stage, MK-7 production upon milking with the two solvent systems i.e. 
a mixture of n-butanol: n-hexane (1:2, v/v) and n-hexane over a cultivation period 
of 84 hours were compared with MK-7 production under controlled conditions.  
 
 MK-7 production by Bacillus subtilis upon milking with n-hexane 
Figure 48 shows the changes in MK-7 concentration in the organic and the aqueous 
phase upon milking with n-hexane in comparison to non-milking conditions 
(control).  
 
Figure 48 Change in MK-7 concentration in the aqueous and organic phase upon milking 
with n-hexane in comparison to non-milking conditions (control). Data are the means ± 
standard error of three replicates.  
 
Analysis of MK-7 concentration in the aqueous and organic phase upon milking 
with n-hexane over a cultivation period of 84 hours showed that the MK-7 
concentration in the aqueous phase and the organic phase increases upon periodic 
milking, in a time-dependent manner. MK-7 concentration in the aqueous phase 
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increased rapidly during the first 72 hours and the concentration reached its highest 
level of 46.35 mg/L at 72 hours. On the other hand, MK-7 concentration in the 
organic phase was hardly detected at 40 hours and increased relatively slowly 
compared to that of the aqueous phase. Maximum MK-7 concentration in the 
organic phase was 2.35 mg/L at 72 hours. A typical HPLC chromatogram of MK-7 
in the aqueous phase of Bacillus subtilis (ATCC 6633) culture upon milking with 
n-hexane at 72 hours is shown in Figure 49. 
 
 
Figure 49 HPLC chromatogram of MK-7 in the aqueous phase of Bacillus subtilis culture 
upon milking with n-hexane at 72 hours.  
 
In addition, total MK-7 production upon milking with n-hexane was compared with 
the MK-7 production in batch fermentation under non-milking conditions (control). 
Figure 50 shows a schematic representation of how the total MK-7 concentration 
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Figure 50 Schematic representation of analysis of total MK-7 upon periodic milking with 
organic solvents. 
 
According to the results, the maximum total MK-7 concentration that could be 
achieved upon milking with n-hexane in comparison to non-milking conditions are 
depicted in Figure 51.  
 
 
Figure 51 Total MK-7 production over time upon milking with n-hexane in comparison to 
non-milking conditions (control). Data are the means ± standard error of three replicates. 
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The maximum total MK-7 concentration that could be achieved upon periodic 
milking with n-hexane was 52.34 mg/L and this could be achieved within 72 hours 
of fermentation. In contrast, only 40.52 mg/L of MK-7 concentration could be 
achieved even after 84 hours of batch fermentation under non-milking conditions 
(control). This data clearly indicates that milking with n-hexane can effectively 
enhance the total MK-7 concentration and thus the productivity of the fermentation 
system. 
 
 MK-7 production by Bacillus subtilis upon milking with a mixture of 
n-butanol and n-hexane (1:2, v/v) 
As the amount of MK-7 which could be removed by milking with n-hexane alone 
was significantly low, milking of MK-7 was also attempted with a mixture of 
n-butanol: n-hexane (1:2, v/v) and the effect of milking on MK-7 production was 
re-investigated. Figure 52 shows the changes in MK-7 production with or without 
milking with a mixture of n-butanol: n-hexane (1:2, v/v).  
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Figure 52 Change in MK-7 concentration in the aqueous and organic phase upon milking 
with a mixture of n-butanol: n-hexane (1:2, v/v) and non-milking conditions (control). Data 
are the means ± standard error of three replicates 
 
According to the results, MK-7 concentration in the organic phase as well as in the 
aqueous phase increased over a period of 60 hours. The MK-7 concentration in the 
organic phase was greater when a mixture of n-butanol: n-hexane (1:2, v/v) was 
used in comparison to the concentration of MK-7 which could be extracted only 
with n-hexane. However, no significant gain in MK-7 concentration could be 
achieved upon milking with a mixture of n-butanol: n-hexane (1:2, v/v) in 
comparison to non-milking conditions. MK-7 concentration in both the organic and 
aqueous phase decreased significantly after 60 hours (p < 0.05) (Figure 52). 
As described previously, the total MK-7 concentration that could be realised upon 
milking with a mixture of n-butanol: n-hexane (1:2, v/v) in comparison to 
non-milking conditions were also evaluated and depicted in Figure 53. 
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Figure 53 Total MK-7 production over time upon milking with a mixture of n-butanol: 
n-hexane (1:2, v/v) in comparison to non-milking conditions (control). Data are the means 
± standard error of three replicates. An asterisk indicates a significantly different value 
from the control (p < 0.05)  
 
Analysis of total MK-7 production upon milking with a mixture of n-butanol: 
n-hexane (1:2, v/v) showed that at 48 hours, the total MK-7 concentration that could 
be obtained upon periodic milking with a mixture of n-butanol: n-hexane (1:2, v/v) 
was significantly higher compared to non-milking conditions (p < 0.05). This 
indicates that milking of MK-7 is beneficial for enhancing MK-7 production. 
However, after 48 hours, the total MK-7 concentration which could be obtained 
upon periodic milking with the mixture of n-butanol: n-hexane (1:2, v/v) was 
significantly decreased in comparison to MK-7 concentration under non-milking 
conditions (p < 0.05). This observation clearly demonstrates the poor 
biocompatibility of n-butanol: n-hexane (1:2, v/v) with Bacillus subtilis cells 
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 Discussion 
 Solvents used for MK-7 extraction 
In order to design a milking process for MK-7, first, different organic solvents 
commonly used for the extraction of MK in the aqueous-organic system were 
reviewed and summarised in Table 13.  
The extraction of MK-7 is usually by means of a liquid-liquid extraction process 
prior to the determination (Sommer & Kofler, 1967). Common lipid extraction 
methods have been employed for extracting vitamin K compounds from various 
sources. As MK-7 is bound to cell membranes, most commonly a polar solvent 
together with a non-polar solvent has been used in MK-7 extraction to facilitate the 
extraction. The most commonly used extraction solvent has been a mixture of 
2-propanol and n-hexane. However, according to Langenberg et al. (1986), vitamin 
K is said to be more stable in n-hexane than in more polar solvents such as methanol.  
 
 Effect of milking MK-7 with organic solvents on the viability of 
Bacillus subtilis 
The selection of an appropriate organic phase is a critical step for the success of 
designing a milking process for MK-7. The choice of organic phase mainly depends 
on the organic solvent tolerance of bacteria which may depend on the choice of the 
organic phase. Therefore, to study the effect of the milking process, detailed studies 
were carried out to find out a biocompatible organic solvent for milking MK-7. In 
the first phase, common extraction solvents that were previously reported for MK-7 
extraction were evaluated for their ability to retain the bacterial cell viability upon 
milking MK-7 from the fermentation medium. It was evident that none of the 
previously described vitamin K extraction solvents other than n-hexane alone can 
maintain the viability of Bacillus subtilis cells upon periodic milking for MK-7 as 
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almost all the solvent mixtures contained a polar solvent together with a non-polar 
solvent. The presence of alcohols in the extraction solvent in these instances might 
have inhibited the growth of bacteria in a concentration-dependent manner possibly 
by damaging the cell membrane (Ingram, 1976). In addition, the miscibility of the 
polar solvents with the aqueous layer made them unsuitable for the process of 
milking. Therefore, in the second stage, the change in bacterial cell viability upon 
treatment with n-hexane and three other modified solvent mixtures were assessed. 
The modified solvent mixtures contained different proportions of n-butanol 
together with n-hexane. The reason for choosing n-butanol is because the carbon 
chain of n-butanol, which is non-polar, decreases its solubility in water, although 
n-butanol is polar. According to the results, no apparent growth inhibition was 
found in Bacillus subtilis cells as assessed by the LIVE/DEAD assay upon milking 
MK-7 with n-hexane and a mixture of n-butanol: n-hexane (1:2, v/v) initially. 
However, the viability of Bacillus subtilis cells was significantly influenced by 
periodic milking with the mixture of n-butanol: n-hexane (1:2, v/v) starting at 60 
hours. This apparent toxicity of n-butanol can be due to traces of n-butanol 
remaining in the fermentation medium, inhibiting the growth of the bacterium 
(Huang et al., 2010a). However, results showed that periodic milking with n-hexane 
did not have any detrimental effect on the viability of Bacillus subtilis up to 84 
hours. It is therefore apparent that n-hexane has a delayed toxicity compared to the 
n-hexane/n-butanol mixture. Less cytotoxic properties of n-hexane can be 
accounted by its low solubility in the fermentation medium and a log P ow of 3.6. 
Less polar solvents with a greater log P  ow values are reported to be less toxic to 
bacteria as they would not reach high membrane concentration due to low water 
solubility (Sardessai & Bhosle, 2004). Several bacterial species such as E. coli and 
Bacillus subtilis which are tolerant to n-hexane have been recorded previously 
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(Aono & Kobayashi, 1997; Sardessai & Bhosle, 2004). The intrinsic tolerance level 
of each organism is, however, said to be strain specific and is determined 
genetically. In addition, environment/culture conditions and exposure time can also 
influence the tolerance level. In this study, cultivations were performed at 37°C and 
shaking at 120 rpm in the optimum medium developed earlier in Chapter 8 which 
consist of 5% (w/v) yeast extract, 18.9% (w/v) soy peptone, 5% (w/v) glycerol, 0.06% 
(w/v) K2HPO4, 0.32 % (w/v) CaCl2, 0.10% (w/v) urea and 200 µg/mL 
IONs@APTES. According to the literature, ions such as Ca2+ is said to stabilise the 
organisation of the bacterial cell membrane (Lăzăroaie, 2009). Thus, it is possible 
that the presence of CaCl2 in the cultivation medium may have also contributed to 
the solvent tolerant ability of Bacillus subtilis (Aono & Kobayashi, 1997) and 
delayed their death (Postgate & Hunter, 1962).  
Little information is available on the mechanism of n-hexane tolerance of Bacillus 
subtilis; however, this may be linked to the peptidoglycan layer present in the 
gram-positive bacterium, protection rendered by endospores or induction of general 
stress response (Sardessai & Bhosle, 2004). Therefore, n-hexane was found to be a 
promising solvent for the MK-7 milking process which can retain the viability of 
Bacillus subtilis upon periodic milking of MK-7.  
 
 Effect of milking process on MK-7 production 
Comparison of MK-7 production upon milking of MK-7 from the culture media by 
biocompatible organic solvent mixtures showed that the total MK-7 production can 
be significantly improved by periodic milking of MK-7 with n-hexane during 
Bacillus subtilis fermentation. Further, a total MK-7 production of 52.34 mg/L of 
MK-7 could be achieved within 72 hours of Bacillus subtilis cultivation which was 
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~ 1.7 fold higher than the control samples. Most importantly, this high MK-7 
concentration could be achieved within a shorter fermentation time.  
Menaquinones are the predominant lipoquinone of gram-positive bacteria and the 
gram-positive aerobe Bacillus subtilis contains only MK-7 which is essential for 
their survival (Dairi, 2009). Menaquinones, especially MK-7, occupies a central 
role in the electron transport chain as an electron carrier in cellular respiration. 
Therefore, bacteria should produce more MK-7 to compensate the loss of electron 
transport activity upon milking of MK-7 with organic solvents. Further, upon 
treatment with organic solvents, bacteria are under metabolically challenged 
conditions, where the oxygen uptake/respiration rate can increase as an adaptive 
response. An increase in respiration rate upon organic solvent treatment has been 
previously reported by Fletcher (1983) due to modifications in cell physiology 
and/or surface characteristics. An increase in respiration rate can, therefore, lead to 
enhanced MK-7 production. 
In addition, it was recently reported that when bacterial cells are induced to secrete 
excessive MK (MK-4) extracellularly, the MK are kept below the level of feedback 
inhibition of DAHP synthase (Taguchi et al., 1991), the first regulatory enzyme in 
the shikimate pathway leading to improvement in total MK (Liu et al., 2014). 
Although a feedback inhibition by MK-7 on DAHP synthase is not recorded, a 
similar mechanism might be promoting the MK-7 production when excess MK-7 
is removed by milking with organic solvents. Further experimental evidence on the 
mechanism would, however, expand and refine the application of the milking 
process. However, when a mixture of n-butanol: n-hexane (1:2, v/v) was used for 
milking MK-7, the total MK-7 production decreased over time in comparison to 
non-milking conditions. This can be attributed to the poor biocompatibility of 
n-butanol: n-hexane (1:2, v/v) with Bacillus subtilis due to traces of n-butanol 
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remaining in the fermented medium inhibiting microbial growth (Huang et al., 
2010a). 
The amount of MK-7 which could be extracted from the culture medium with 
n-hexane alone was lower than when milking was carried out with a mixture of 
n-butanol: n-hexane (1:2, v/v). This is largely attributed to the fact that MK-7 is 
tightly bound to the bacterial cell membrane (Minnikin et al., 1984) and the 
occurrence of MK-7 usually at lower concentrations. It is reported that the 
non-disruptive extraction of MK-7 with pure organic solvents is poor (Luo et al., 
2016). Therefore, in many cases, the extraction of MK-7 has been facilitated 
substantially by cell wall destruction either by ultrasonication, freeze-thawing, 
steam explosion, acid-heating, alkaline hydrolysis and homogenisation (Luo et al., 
2016). Destruction of bacterial cells, however, make it impossible for the cells to 
be reutilised. In contrast, in this study, the culture medium was supplemented with 
200 µg/mL IONs@APTES which previously proved to be a promising carrier to 
change the state or composition of cell membrane resulting in enhanced synthesis 
and secretion of MK-7 to the fermentation medium without affecting bacterial 
growth and viability (Ebrahiminezhad et al., 2016c; Liu et al., 2017; Ranmadugala 
et al., 2017b). In addition, the presence of CaCl2 in the medium may have facilitated 
the recovery of MK-7 by acting as a salting-out mediator (Ahmed & Mahmoud, 
2015). A combination of strategies thus has proved useful in enhancing the 
productivity of the MK-7 production system. 
 
 Summary 
In this study, applying a milking process was shown to be an effective strategy to 
enhance the total MK-7 production. Among the organic solvents studied for milking 
MK-7, n-hexane was the most suitable extraction solvent for milking MK-7, 
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without compromising the bacterial cell viability. It was evident that the total MK-7 
production can be significantly enhanced by ~ 1.7 fold upon milking with n-hexane 
within 72 hours of Bacillus subtilis fermentation. Therefore, the MK-7 milking 
process described here is a promising approach that can be employed to enhance 
the total MK-7 production and continuously re-use Bacillus subtilis biomass for 
fermentation. Most importantly, it works with intact bacterial cells without 
affecting their viability and high titres could be achieved within a shorter cultivation 
period.  
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10 Chapter 10 
Conclusions and Future Directions 
 Overview 
This thesis has mainly examined the topic of biofilm formation and MK-7 
production by Bacillus subtilis and explored how to minimise biofilm formation 
while maximising MK-7 production. This chapter summarises the key findings of 
the thesis and aims to make recommendations for future investigations. By adopting 
a more holistic multidisciplinary approach (nanotechnology, biotechnology and 
chemistry), the research has sought to develop strategies to combat biofilm 
formation, increase MK-7 production and reduce downstream processing steps in 
the MK-7 production process. The remainder of this chapter summarises the key 
findings of each research chapter and provides recommendations for future research 
from the knowledge derived from this study. 
 
  Key findings 
At the beginning of this thesis, no information was available on how to enhance the 
productivity of the MK-7 production process through optimising the major 
influencing factors in MK-7 production; i.e. biofilm formation, low MK-7 
concentration and a large number of downstream processing steps, all in one go. 
Developing strategies to address all these issues remained a greater challenge. 
The conventional practices for biofilm control have been through physical cleaning 
and the use of antimicrobials or antibiotics. These conventional practices are, 
however, aimed at eradicating or killing the bacteria. In Bacillus subtilis 
fermentation, it was of utmost importance that the biofilm controlling strategies 
would not interfere with the growth of bacteria. As a result of this, finding a non-
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antibiotic antifouling strategy to permit the growth and viability of bacterial cells 
in the fermentation process posed a greater challenge.  
In terms of enhancing the MK-7 production, a number of studies have focused on 
optimisation of the cultivation medium, selection of different microorganisms or 
chemical mutagenesis. Very few studies have, however, concentrated on bacterial 
cell membrane as a primary target to enhance MK-7 productivity. A few studies 
have also attempted to reduce the many numbers of downstream processing steps 
in order to increase the productivity of the system. However, none of the studies 
have considered strategies to combat all these issues in a single production process. 
To accomplish this, functionalised iron oxide nanoparticles with APTES were 
successfully fabricated. The synthesised nanoparticles by chemical co-precipitation 
method were sufficiently small and exhibited well-defined superparamagnetic 
behaviour. IONs@APTES with the smaller size and larger surface area, in addition 
to their charge, showed great promise in decorating bacterial cells. Although the 
presence of coatings can sometimes negatively affect the magnetic properties of 
IONs, coating with APTES did not affect the magnetic properties of IONs as 
discussed in Chapter 4. 
In addition, biofilm formation in MK-7 production by Bacillus subtilis was 
successfully addressed using a nanobiotechnological approach for the first time in 
this study. This was the main focus of Chapter 5. Superparamagnetic IONs (naked 
and IONs@APTES) were explored as potential candidates for reducing biofilm 
formation. IONs@APTES showed good solubility and dispersibility in the culture 
media in comparison to naked IONs. In this circumstance, the IONs@APTES were 
able to maintain the growth and the viability of Bacillus subtilis cells while reducing 
biofilm formation. Further, IONs@APTES were able to penetrate the extracellular 
polymeric matrix without an external magnetic field. Taken together, 
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IONs@APTES were identified as promising agents that can be used to reduce 
biofilm formation without compromising the growth and viability of Bacillus 
subtilis. 
Further, in the present work, a new, simple, accurate, fast and sensitive method for 
routine analysis of MK-7 was developed as discussed in Chapter 6. As the 
reproducibility of MK-7 production is influenced by analysis conditions, this study 
was designed to establish a reproducible analytical protocol for MK-7 analysis. A 
simple, efficient, accurate and reproducible reversed phase high performance liquid 
chromatographic method combined with efficient extraction method was developed 
and validated with respect to accuracy, precision, specificity and linearity. In this 
protocol, the use of the same solvents to extract MK-7 and to elute MK-7 in high-
performance liquid chromatography eliminated the requirement to evaporate and 
re-dissolve extracts in a separate mobile phase solvent which allowed accurate 
quantification while improving the efficiency. In addition, the good solubility of 
MK-7 in a mixture of 2-propanol and n-hexane contributed to the accuracy in the 
quantification of MK-7 from samples. This method also had the advantage of short 
runtime with throughput of 7 samples per hour. Therefore, the major breakthrough, 
as discussed in Chapter 6, is the development of a simple, efficient, accurate and 
reproducible HPLC method to routinely analyse bacterially synthesised MK-7. The 
development of a valid HPLC protocol added strength to the thesis in contrast to 
previous studies with bacterial MK-7 where HPLC methods have not been validated 
before MK-7 has been measured.  
In Chapter 7, a better framework was put forward for enhancing MK-7 production 
using IONs@APTES which previously proved to be a promising carrier for 
controlling biofilm formation in Bacillus subtilis without exhibiting cellular 
toxicity and growth. As magnetic immobilisation is also an effective strategy for 
Chapter 10 Conclusions and Future Directions 
178 
the separation and re-use of bacteria in the system thereby reducing downstream 
processing steps, the innovation brought by immobilisation of Bacillus subtilis cells 
with IONs@APTES in this particular instance was tripled. This chapter sought to 
highlight that decoration of Bacillus subtilis cells with IONs@APTES can 
significantly increase MK-7 production and MK-7 yield. The chapter also identified 
the optimum IONs@APTES concentration to maximise MK-7 yield.  
In addition to the use of IONs@APTES to reduce surface attachment and biofilm 
formation, medium components were optimised to enhance biofilm detachment 
through treatment with salts and urea. The production process was optimised by a 
combined approach of reducing surface attachment and enhancing detachment to 
combat biofilm formation while maximising the MK-7 production as described in 
Chapter 8. Elevated levels of MK-7 (~16%) and reduction in biofilm biomass 
(~47%) was observed in the optimum medium (M3) which consist of 5% (w/v) 
yeast extract, 18.9% (w/v) soy peptone, 5% (w/v) glycerol, 0.05% (w/v) K2HPO4, 
0.32% (w/v) CaCl2, 0.10% (w/v) urea and 200 µg/mL IONs@APTES after 60 hours 
of fermentation in comparison to controlled medium. The proposed medium can, 
therefore, be applied to minimise biofilm formation while maximising MK-7 
production in Bacillus subtilis fermentation. 
Finally, an innovative fundamentally unique approach to enhance MK-7 production 
termed as milking process was introduced in Chapter 9. Overall, this chapter 
demonstrated that MK-7 productivity can be enhanced by periodic milking of MK-7 
from the culture medium with biocompatible organic solvents. The organic solvent 
n-hexane served well for this purpose since it showed delayed toxicity to Bacillus 
subtilis (ATCC 6633). This provided a promising platform for achieving high 
concentrations of MK-7 within a shorter fermentation time without compromising 
the viability of the microbial cells and found to be a promising approach to achieve 
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high MK-7 concentration in comparison to non-milking conditions. In addition, 
milking with organic solvents further reduced biofilm biomass and also gives a 
cleaner trace in HPLC analysis as it would extract only the non-polar compounds. 
Therefore, in conclusion, the milking of MK-7 from the fermentative medium can 
sustain a stable operation to increase the productivity of MK-7. Current findings 
will open up a new production system for MK-7 fermentation with high 
productivity for industrial application. 
 
 Future work 
Magnetic IONs proved to be an important group of nanomaterials in bacterial cell 
immobilisation. It is important to highlight that the use of IONs@APTES had 
intrinsic advantages over conventional antifouling methods where they proved to 
maintain the growth and viability of microbial cells. In addition, they offered 
enhanced MK-7 production and reduced downstream processing due to facilitated 
cell recovery and reusability. The research presented in the thesis have however 
raised more questions and there are several lines of research which can be pursued 
in the future as presented below. 
 The preponderance of evidence indicates that the bacterial cell membrane can 
be the primary target when it comes to biofilm control and manipulation of 
MK-7 production. However, there remain major questions ahead: a) the exact 
mechanism behind reduce biofilm attachment associated with IONs@APTES 
b) the exact mechanism of enhanced MK-7 production associated with 
IONs@APTES, and c) the exact mechanism behind enhanced MK-7 production 
upon milking MK-7. The findings of this research have opened the field to many 
underlying questions which are, however, difficult to assess from chemical 
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engineering data alone, but which can be addressed with molecular 
microbiology.  
 With further understanding of bacterial-IONs@APTES interactions, bacterial 
cell immobilisation processes employing magnetic IONs@APTES described 
will, therefore, find its widest applications in many sectors. The progress in this 
area can be supported by the further development of automated systems for 
magnetic cell separation coupled with computer technology, which enables the 
detection and quantification of microbial cell capture efficiency.  
 The thesis also covers a novel method by which MK-7 can be extracted and 
quantified with minimum losses. Although extraction and analysis of MK-7 
from four different Bacillus subtilis species/strains were regarded as adequate 
at this stage, the method can be employed for quantification of MK-7 from 
various sources.  
 In the present study, lipase treatment prior to extraction of MK-7 with a mixture 
of 2-propanol: n-hexane (1:2, v/v) was observed to be useful. When MK-7 is 
extracted and analysed from matrices with high-fat content, optimisation of all 
the reaction conditions for hydrolysis by lipase can be carried out.  
 In the present study, Bacillus subtilis (ATCC 6633) was used as the reference 
strain from ATCC, which is the premier source for validly described type 
cultures in order to get reproducible results. Most of the previous studies of 
MK-7 production from Bacillus subtilis records the preparation of inoculum 
from bacteria isolated from natto, the traditional Japanese fermented soybean 
(Berenjian et al., 2013; Berenjian et al., 2011; Berenjian et al., 2012; Berenjian 
et al., 2014). However, only three validly described genomic sequences of 
Bacillus subtilis natto strains are deposited in NCBI, and out of these only one 
strain related to MK-7 production is published recently by Luo et al. (2016) 
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using 16SrDNA. In the present study, Bacillus subtilis (ATCC 6633), which 
was previously used by Ebrahiminezhad et al. (2016b) on magnetic 
immobilisation of bacteria for menaquinone production, was used. However, it 
was noted that Bacillus subtilis natto would give high MK-7 production. 
Therefore, in future research, deposition of genomic sequences in NCBI 
together with the deposition of type strains of validly named Bacillus subtilis 
natto can be implemented as part of the MK-7 analysis process.  
 While this work has many breakthroughs, such as reduced biofilm formation, 
increased MK-7 production, reduced downstream processing as well as a novel 
method for MK-7 analysis, it has also paved the way for an important step 
towards improving the MK-7 concentration through milking. This work is also 
crucial in providing a foundation and direction towards large-scale cost-
effective fermentation process/industrial production of MK-7. The 
methodologies employed could be used as a critical initial step and could be 
upgraded to industrial scale. In this regard, further analyses of oxygen uptake 
rate, bacterial membrane fluidity and changes in membrane fatty acid 
compositions, use of visualisation techniques and studying the kinetics of MK-
7 release from the cells to unravel the mechanism behind the improvement in 
MK-7 production upon milking with biocompatible organic solvents would be 
an added advantage.  
 In addition, to fully comprehend the effect of milking on bacterial cell viability 
and MK-7 production, optimum conditions for milking could be determined 
through response surface methodology. The starting time for milking, pH, 
mixing time, the volume of organic solvent can be taken as variables.  
 Further studies could also be carried out to find out what other Bacillus subtilis 
strains can be milked. 
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  These findings can ultimately be used to calculate the kinetic parameters and 
for the designing of a MK-7 fermentation system possible with Fed- batch 
addition of nutrients. Continuous fermentation with the addition of fresh media 
is not however recommended. This is due to the fact that MK-7 production 
seems to follow a mixed- mode where majority of MK-7 is produced after the 
bacterial cell density reached its maximum. An economic analysis of the 
process is also recommended. 
 Results of organic solvent tolerance of Bacillus subtilis also brings in to 
questioning whether cell immobilisation has offered high resistance to 
environmental stresses. It is well documented that biofilm bacteria are resistant 
to many antimicrobials. In the same manner, artificial immobilisation might 
offer high resistance to stressful environmental conditions. If this phenomenon 
can be tested, biocompatible nanomaterials such as IONs@APTES can present 
enormous potential for industrial production of high titres of fermentative 
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